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In the present treatise the author retarne to a subject which 
occupied his attention at intervals during a long period, and 
which always seemed attractive. Xot only has Hydraulics 
formed part of hia teaching, bat he was much engaged in the 
early sixties in designing water turbines and centrifugal 
pumps, and has had on many occasions since to consider 
questions of 0ow, storage, and measurement of water. In 
1876, he wrote the article " Hydraulics " for the ninth edition 
of the EncyelopcBdia Britanniea, which he has reason to think 
has been useful to many engineers. 

Strictly rational hydrodynamics, so far as it has been 
developed, is concerned mainly with fluids deprived of viscosity, 
and leads to results flagrantly at variance with the action of 
actual fluids. Hence in dealing with the practical problems 
of hydraulics the engineer has recourse to comparatively 
simple mechanical principles and simplified assumptions 
which furnish rough formulte, which can be modified by 
empirical constants so as to be true to the necessary approxima- 
tion over any required range of conditions. There now exists 
an enormous mass of experimental data relating to hydraulic 
problems, which has been accumulated during a period extend- 
ing over two centuries, and whicfi is of very varying trust- 
worthiness and importance It is really on the results of 
these investigations that the engineer relies in deciding the 
questions which arise in many branches of professional work, 
and theoretical formulae only render partial assistance in 
reducing to intelligibility and order the mass of empirical 
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observations. The difficulty in treating hydraulics appears 
to the author to lie in the need of giving a sufficient account 
of experimental investigations to enable a student to realise 
the limitations of formulae, and the degree of confidence which 
can be placed in calculations, without getting involved in a 
cumbrous and confusing amount of empirical details. 

Full references have been given to primary sources of 
information, in order that students may supplement the neces- 
sarily brief statements in the text, by consulting the fuller 
details in original memoirs. 

As to what is special in the present treatise, the author 
thinks it important that the problems concerning the flow of 
incompressible fluids, and the closely related problems dealing 
with compressible fluids, should be treated together. The 
practical importance of the latter class of problems has 
increased considerably in recent years. 

To most of the chapters numerical examples have been 
added, selected from those which the author has set for his 
students during many years past 

July 1907. 



PAOB 



CONTENTS 

INTRODUCTION 

UNITS OF MEASUREMENT 

GonTeTBion of English and metric measures — Units of volume — 
Heaviness of water — Change of density with change of 
temperature — Atmospheric pressure — Acceleration due to 
gravity — Transformation of equations 



CHAPTER I 

PROPERTIES OF FLUIDS 

Perfect fluid — Gaseous and liquid fluids — Compressibility of 
liquids — Viscous fluids — Free surface — Fluid pressure — 
Pressure on a plane — Pressure on curved surfaces — Pipe 
bends — Hydraulic press ..... 9 

CHAPTER II 

DISTRIBUTION OF PRESSURE IN A LIQUID VARYING WITH 

THE LEVEL 

Preasure column — Free surface level — Watt's hydrometer — 
Mercury siphon gauge — Pressure on surfaces varying as 
the depth from the free surface — Pressure on a wall — 
Pressure on a flap valve — Centre of pressure — Qraphic 
determination of pressure on surfaces — Buoyancy — Equi- 
librium of floating bodies . .20 

CHAPTER III 

PRINCIPLES OF HYDRAULICS 

Two modes of motion of water — Uniform and varying motion — 
Steady and unsteady motion — Volume and mean velocity of 
flow — ^Bernoulli's theorem — The term Head — ^Variation of 

vu 



th 



JZZJL^TZJCS^ 




86 






•. <O^BD2S^D^B' k. 




61 







tc.-n'jt x.ra 






.> -:r ,Vj 



HA'^Kitvm if fiwwaiiii — £::7iBX2soxi|;^ ^ ,< 



ttOtiorv V 



118 



t -^ A • 







1» 




CHAPTER Vm 



FLOW IN PIPES 



L 



Einaous motioa of water — Flow in pipes wlien the motion ia 
turbulent— Steady flow in pipes of uniform diameter — Chezy 
formula — Pipe connecting two reseiroLre- — Inlet reeiBtanoe — 
Dwcy'H investigation — Maurice Levya formula — Later deter- 
■ninatioiu of the coefficient for pipes — Heraubel'a gauginga of 
a iteel pipe — Timber alave pipes — Fire-hose pipea — Practical 
ealmUationa of flow in pipea — Seeondary loeaee of head in 
pipea — Valvea, cocka, and sluicee .... 



CHAPTER IX 



DISTRIBUTION OF WATER BY PirKS 

n Bupplj- — Supply main — Break -preasure reaervoirs — -Main of 
diiTerent diameters — Main when the discharge decreaaea along 
the length — Pipe connecting two reaervoira and delivering 
water en routs — Branched pipe— Hydraulic gradient of pipe 
of v&riaUe diameter — Coet of mains — Corroaion and iDcruata- 
tion — -Pipe aqueducts — Vymwy, Eaat Jersey, and Coolgardie 
Biiueducta- — Pumping main — Suction pipe of piuiips — ^ Water 



V CHAPTER X 

LATER INVESTIGATIONS OF PLOW IN PIPES 

Kutter'a formula — Defects of Chciy formula- — Eiperimenial data 
arailable — Method of dealing with the data — Correction for 
temperature — Variation of resialance with diameter — Values 
of m — General formula of How and values of conatanta — 
Distribution of velocity in cross section of pipe — Influence 
of tetnpeniturt 



CHAPTER XI 

FLOW OF COMPRESSIBLE FLDIDS IN PIPES 

> in pipes under unall dilTerencea of prepare — Flow of 
lighting gaa in mains — Cueffioient of frictiou in gaa mains — 
Flow of air in a long pipe when the ^'ariation of density is 
Ukeu intA account — Variation of velocity and pressure in 
long air mains — Coefficient of friction — Distribution of 
velocity ....... 



HYDRAULICS 



CHAPTEE Xn 

UNIIORM FLOW OF WATER IN CANALS AND CONDUITS 

Steady flow of water in chanTiftlB of conatant slope and aection — 
Darcy'a research on the value of ( for open channels — 
Ganguillet and Eatter^a formula — ^Biuin'a later inyestigation 
of flow in <^KiM<Twl« — Channels of drcnlar aection — ^Egg-shaped 
fItiMi-nftIa or aewers— Trapezoidal ffiiATin<*1« — Mi-n-iitiTTTn aection 
— Diachaige of a channel with different depths of water 
flowing — Pluabola of diachaige — Distribution of velocity in 
ero« aection — Depreadon of point of greatest velocity — 
Vertical velocity curve — ^Transverae velocity curve — Ratio 
of mean and aur&oe velocities — ^Aqueducts — Roman aqueducts 
— Loch Katrine, Thirbnere, and New Croton aqueducts — 
River bends ...... 231 



CHAPTER Xm 

GAUGING OF STREAMS 

Water-leTel gauge— Mean velocity calculated from longitudinal 
slope — Measurement of transverae sections — Float gauging — 
Float paths — Screw current meter — Harlacher screw current 
meter — Current meter of J. Amsler Laffon — Calibrating the 
screw current meter — Pitot tube and Darcy gauge — Surface 
and mean velocities in a stream — ^Velocities on one vertical 
— Surfiux or rod float gauging — Calculation of discharge 
from vertical velocity curves and from contours of equal 
velocity — Gauging streams by chemical means 264 



CHAPTER XIV 

IMPACT AND REACTION OF FLUIDS 

Jet deviated in one direction — Jet impinging on a aolid of revolu- 
tion — Special caaea — Jets impinging on plane and on hemi- 
apherical cupe — Preaaure of a ateady atream of limited aection 
on a plane — Preaaure of an unlimited atream on a aolid at 
rest — Stanton'a experimenta — Preaaure on aolids of various 
forms — PresBure on planes oblique to the direction of the 
ttnam — Wind pressure — Evidence of high preasures in 
atomuh— Forth Bridge experiments . . .291 



CONTENTS 



zi 



n 



APPENDIX 

PAOB 

TABLE I. FuHonoNS of Numbsbs fbom 0-1 to 10*0 317 

IL YsLociTT AND Head .... 318 

IIL Slops Table ..... 319 

lY. Table to facilitate Calculations on Pipes 320 

y. DlSCHABGE OF PiPBS AT DiFFEBENT VELOCITIES 

IN Gallons peb Houb. . . . 321 
vl dlschabge of pipes at diffebent velocities in 

Cubic Feet peb Second . . 322 

VIL Loss OF Head in New Cast-Ibon Pipes 323 

VIIL Loss OF Head in Incbusted Cast-Ibon Pipes . 324 



99 



»9 



79 



99 



INDEX 



325 



INTRODUCTION 



UNITS OF MEASUREMENT 



^^become 
H^from 01 



1, In Ipraclical hydraulics the most convenient units of 
aaeaauTenient are the foot, the pound, and the eecond. Id this 
treatise these unita are used throughout, except in a few cases 
whdre other units ai'e specially mentioned. 

It happens that a great numher of memoirs on hydraulics 
are in French or German, very important researclies having 
been carried out abroad. In such memoirs metric units are 
employed Hence a student of hydraulics finds it necessary to 
become more or less familiar with formulae expressed iu either 
lb or metric units, and often has to convert formube 
n to the other. For that reason some particu- 
lars of the conversion factors from metric to English units are 
given. The convenient units in the metric system are the 
metre, the kilogram, and the second. 

To avoid confusion, the secondary units employed should 

the square foot (square metre), cubic foot (cubic metre), 

lb per second (metre per second), pound per squjire foot 

per square metre). But in certain cases, especially 

dealing with air and steam, the pound per square inch 

per square etiatimetre) is almost in univeraal use, 

iongh in some respects inconvenient. 

The following table gives the relation of the English 
id metric units, and the logarithms of the factors for 
version : — 
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^ UNITS OF MEASUEEMENT 3 

TToitS of volume. — In most bydraulic calculations 
I convenient iinit of volume is the cubic foot (or cubic 
fttn;). But in water ■ supply engineering it has been 
ternary to ubu the gallon as the volume unit. The imperial 
a defined to be the volume of 10 lbs. of distilled water 
t 62° F. Hence, if in general calculations the cubic foot of 
! taken to weigh 62'4 lbs., it must also be taken to 
I equivalent to 6-24 gallons. In the metric system the 
ram is the weight of a cubic decimetre of water at 
^"'l F, Hence a cubic metre of water of maximum density 
■APighs 1000 kilograms, and this value is taken in general 
i.^ilculations on pressure, eta, though at ordinary temperatures 
the weight is slightly less. In the United States the wine 
gallon, now disused in England, is the ordinary unit of 
volume, and is equal to 08333 imperial gallon. 



1 Multiplier. 


Logarithm. 


Cubic feet into imperial galloaa 


6'24 


0-7962 


Cubic fe«t into U.S. gallons 


7-49 


0-8744 


Cubic feet into cubic metres 


0-03832 


2-4621 


Imperial gallons into cubii; feet 


0-1603 


1-2048 


U.a gallons into cubic feel . . 


0-1336 


i-isee 


Cubic inclrM into cubic feet . 


35-31 


1B479 


U.S. galloiu into imperial goUona 


08333 


1-9208 


Imperial gallonE into U.S. gallonij 


1-200 

! 


0-0792 



I oonvert imperial gallons per 24 bours inlo cubic feet per seoond 
divide by 63!),200. 
convert U.S. gallons pel- 24 lioura into cubic feet per second divide by 
«47,1U0. 

3. Heaviness of water. — In ordinary hydraulic calcula- 

1 it is usual to disregard the small variations of density 

due to changes of pressure and temperature. In 

tieutise the weight of a cubic foot of water will be 

lOtctl by 6 and will be taken at 62-4 lbs. In calculations 

3 metric system the weight of a cubic metre is generally 

1000 kilograms from the simplicity which this 
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introduces into calculation. Biver and spring water is not 
sensibly denser than pure water unless in exceptional cases 
or when carrying mud or sewage. Sea water is usucdly 
taken at 64 lbs. per cubic foot, though its density varies 
somewhat in different localities. 

Generally V cubic feet of water weigh GV lbs. in gravita- 
tion units. In treatises on theoretical hydromechanics absolute 
units are employed. Then if M is the mass in poundals, the 
weight is W = M^ lbs. where g is the acceleration due to 
gravity in the locality considered. Hence if p is the density 
or mass of unit volume its weight is gp, and V units of volume 
weigh gpY lbs. 



Analtsbs of Somb Ttpical Watebs in Parts per 100,000 



Rain water . 
Loch Katrine 
Manchester . 
Liverpool 
London, from 

to 
London 
Northampton 
Sea water . 



Total SoUda in 
Solution. 


Temporary 
fiUu[4nes8. 


Total 
Hardness. 


2-9 


• • • 


0-3 


31 


• • • 


1-0 


6-2 


01 


3-7 


8-5 


01 


3-7 


25-8 


• • • 


19-2 


29*4 


• • • 


19-9 


40-3 


• • • 


28-7 


67-8 


8-6 


10-3 


3898-0 


49-0 


797-0 



From Moorland 

Thames and Lea 

Chalk wellfi 
Well in Lias 



Change of volume and density of water with change 
of temperature. — Water expands and decreases in density 
as the temperature rises, and though in ordinary hydraulic 
ccdculations this is disregarded without serious error, it is 
otherwise when dealing with water raised to steam temperatures. 
In the following short Table a is the relative density, that of 
pure water at 39°*3 F. being taken as unity. G is the weight 
per cubic foot. Roughly, if the density of pure water is unity, 
that of river water is on the average 1*0003, that of spring 
water 1*001, and that of sea water 1*025. 
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Density of Pork Watxr at Diffbbemt Tsuperatubbs 



Tempera- 
ture Fahr. 


Relative 
Density. 


Weight of a 
cub. ft 
in lbs. 


Tempera- 
ture Fahr. 


Relative 
Density. 


Weight of a 
cub. ft 
in lbs. 


t 


or 


G 


t 


or 


G 


o 

32 


•99987 


62-416 


130 


•98608 


61555 


39-3 


1-00000 


62-424 


135 


•98476 


61-473 


45 


•99992 


62^419 


140 


•98338 


61-386 


60 


•99975 


62-408 


145 


•98193 


61-296 


65 


99946 


62-390 


150 


•98043 


61-203 


60 


•99907 


62-366 


155 


•97889 


61-106 


65 


•99859 


62-336 


160 


•97729 


61-006 


70 


•99802 


62300 


165 


•97565 


60-904 


75 


•99739 


62-261 


170 


•97397 


60-799 


80 


•99669 


62-217 


175 


•97228 


60-694 


85 


99592 


62169 


180 


•97056 


60-586 


90 


•99510 


62^118 


185 


•96879 


60476 


95 


•99418 


62061 


190 


•96701 


60-365 


100 


•99318 


61998 


195 


•96519 


60-251 


105 


•99214 


61933 


200 


•96333 


60-135 


110 


•99105 


61-865 


205 


•96141 


60015 


116 


•98991 


61-794 


210 


•95945 


69-893 


120 


•98870 


61-719 


212 


•95865 


59-843 


126 


•98741 


61-638 









For temperatures greater than those in the Table, Bankine's 
approximate rule may be used : 



G = 



124-85 



^ + 461 



500 



500 ^ + 461 



The following are values at a few temperatures calculated by 

this rule : — 

t G 

50 62-42 

100 62-02 

200 60-08 

250 58-76 

300 57-29 

350 55-78 

400 54-21 



It will be seen that in dealing with volumes of water at 
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steam temperatures there would be great error in neglecting 
the change of density with change of temperature. 

4. Intensity of pressure. — Very various units of intensity 
of pressure are adopted in different cases, depending in part 
on the different methods by which the pressure is measured. 
The following Table gives equivalent values of various units 
and the logarithms of the conversion fectors : — 



Units op Intensity of Pressure 



Atmospheres into lbs. per square inch . 
n n n Square foot 

„ „ kilograms per square centi- 

metre ...... 

Feet of water at 53** into lbs. per square inch 
n n » » square foot 

Pounds per square inch into feet of water 

„ square foot ,, ,, 

Kilograms per square centimetre into Iba 
per square inch .... 

Inches of mercury at 32'' into Iba per square inch 

square foot 



» 



MaltipUer. 



14-7 
2116*3 



1-0336 

0*4333 
62-4 
2-308 

0-01603 

14-223 

0*4912 
70-73 



Logarithm. 



1-1672 
3*3256 

0*0143 

1-6368 
1*7962 
0-3632 

2*2049 

JL1630 

1-6912 
1*8496 



5. Atmospheric pressure. — In most cases a liquid mass 
has at some point a free surface exposed to atmospheric pressure 
which is transmitted throughout the mass. In any given 
case the atmospheric pressure can be deduced from the baro- 
metric height at the given place and time. On the average, 
at sea-level, the atmospheric pressure ia 29*92 inches of 
mercury at 32°, 33*9 feet of water, 14*7 lbs. per sq. inch, or 
2116-3 Iba per sq. foot. 

Many forms of pressure gauge indicate only the difference 
between the pressure at a point and atmospheric pressure. 
Pressures so observed are termed gauge pressures. The gauge 
pressure plus the atmospheric pressure is termed the absolute 
pressure. 

6. Acceleration due to gravity. — The acceleration due 
to gravity, denoted by g, varies with latitude and elevation. 
In practical calculations it is usual to disr^ard this variation 
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m ordinary cases. la this treatise g will be taken at 32*18 
ft. per BBC per sec., or at 9'8088 metres per sec. per sec. 



ENQijeH Meascreh 


Metric Mbasd 


BBS 




Logarithn. 




Logarithi)) 


|f = 33'lS 


1-5076 


g= 9-8088 


09916 


29 = 6436 


1-8086 


2g= 19-6176 


1-2927 


Jg= 6'673 


07538 


Jg= 3-1319 


0-49fi8 


Jtg= 8-023 


0-8043 


^2p= 4-4292 


0-6463 


^23= 5349 


0-7283 


§^/2s= 2-9628 


0.4702 



The following table gives an idea of the amount of the 
variation of g with latitude and elevation : — 



1 




Val0Ss of 


g Ufa 


./23 








r 


Tj-pi™l Locality. 


Eleyatian above Set-Level In Feet. 


2500 6000 





2600 


6000 


Values of;/ in Feet 


Value, of V(2ff). | 


60° 


North Canada 




32215 


32-21 


32-20 


8-027 


8-026 


8-025 


56* 


North Britain 




32-200 


3219 


3218 


8-026 


8-024 


8-023 


40° 


Mediterranean 
Philadelphia 


) 


32-164 


32-15 


32-14 


8-019 


8-019 


8-018 


30' 


North India 
New Orleans 


] 


32124 


32-12 


3211 


8-016 


8-015 


8-014 


20" 


Cuba . 


■ 


32-099 


32-09 


32-Ofl 


8-013 


8-011 


8-010 



■ At Greenwich 3 = 32-191 ; ^2y = 8024. 

AtPariB 3 = 32-183; 723 = 8023. 

7. Tranaformation of an equation from one syBtem of 

units to another. — Rational homogeneous equations are valid 

in all systems of units, but a large proportion of hydraulic 

HLflaeations are empirical and require different numerical 

^Hpfficients for different units. For instance, let 

"^ M = i;7(A(l+y JB)i 

be an equation in which M, A, B are in feet, and x and y are 
mericul coefficients. It is required to find the values of ic 
i y when M, A, B are in metiea The equivalents of M, A, 
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B metres in feet are 3*28M, 3'28A, 3-28B. Inserting these in 
the equation, 

3-28M = % n/{3-28A(1 + y v'3-28B)} 



/ 

V 



3-28 



M = a?^^ ^{A(l + y >/3-28 v/B)} 

= •552aj -v/{A(l + l-81y ^/B)}, 

so that the new constcuits for a formula in metric measures 
are 552^, and 1*8 ly. 

Hydraulic problems are most conveniently solved by the 
use of tables of four-figure logarithms and antilogarithms. 
Most hydraulic formulae are affected by empirical constants 
which are accurate only to one per cent, or at most in some 
cases one per thousand. Hence in the answers it is un- 
necessary and useless to keep more than three, or at most four, 
significant figures. The short Tables I. and II. in the 
Appendix will often be useful in obtaining rapidly approxi- 
mate answers. 

Problems 

1. A boiler is found to contain 72,000 lbs. of water at a tem- 

perature of 56** F. How many pounds will it contain at a 
temperature of 350** F. ? 63,472. 

2. How many gallons of water per foot run will a pipe 30 inches in 

diameter contain ? 30*68. 

3. Convert ten atmospheres of pressure into pounds per square inch, 

and into feet of water. 176*4 ; 407*1. 

4. On a moimtain the barometric pressure is observed to be 24 inches 

of mercury at 32° F. Find the pressiu^e in pounds per square 
inch? 11-79. 
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PROPERTIES OF FLUIDS 



8. Fluids are eubstcLnceB, the parte of wliich posseBe an almost 
unlimited mobility, which oppose almost no reaislance to the 
separation of one part from another, or which offer practically 
no resistance to distortion of form. A mass of fluid poured 
into a vessel takes immediately the shape of the vessel and 
exhibits no rigidity of form. 

A perfect fiaid may be defined as a substance wbicb yields 
continually to the slightest tangential stress, so that if it is at 
rest there can be no tangential stress, It is easily deduced 
Ctom this that the pressure of a perfect fluid is normal to any 
soHace immersed in it, or that the pressure of one part of a 
fluid on another part is normal to the interface which separates 
them. The streas at tlie surface or interface must be a 
pressuie, not a tension, or there would be separation. Further, 
At any point in a fluid the pressure is the same in all direc- 
tions, or to put it in another way, the pressure on any small 
element of surface is independent of its orientation. 

G&seoas and liquid fluids. — Fluids are divided into 
liquids, or incompressible fluids and gases, or compressible 
duids. Very great changes of pressure change the volume of 
liquids only by an extremely small amount, and if the pressure 
on them is reduced to zero they do not sensibly dilate. On 
tlie other hand, in gases or compressible fluids the volume 
alters sensibly for small changes of pressing, and if the 
pressure is indefinitely diminished they dilate without limit. 
In practical hydraulics water is treated as absolutely incom- 
prvnible, so that its density or weight per cubic foot ia 
ooosidered to be independent of the pressure within the limits 
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of accuracy usually required. In dealing with gases the 
changes of volume which accompany changes of pressure must 
always be taken into account, or in other words, the density is 
always expressed as a function of the pressura 

9. Oompressibility of liquids. — All liquids are slightly 
compressible, and up to high pressures the compression is pro- 
portional to the pressure. Let — AV be the decrement of 
volume of V cubic feet for an increment of pressure AP in lbs. 
per square foot Then AV/V is the compression per unit 
volume, and 

AP AP 

'^" _AV" ^AV 
V 

is called the co-efficient of elasticity of volume. For water, 
according to Grassi's observations. A; increases from 42,000,000 
at 32^ F. to 48,000,000 at 128** F. The average value of * 
may be taken at 44,000,000 in ordinary cases, and then the 
compression is about O'OOOOSV for each atmosphere of pres- 
sure. Thus one cubic foot of water subjected to a pressure of 
1000 lbs. per square inch, or about 64 tons per square foot, 
would decrease in volume by the amount 

.,. AP 144,000 ^^^o« ,. . . 
^ V * , = -m^ThrT^T^ = 0-0032 cubic feet. 
k 44,000,000 

One cubic foot weighing 62*4 lbs. uncompressed would 
become '9968 cubic foot when compressed. The weight of 
the compressed water would be 62'4/0*9968 = 626 lbs. per 
cubic foot. It is obvious that the ordinary assumption that 
water is incompressible involves insignificant errors in ordinary 
cases. 

10. Viscous fluids. — Actual fluids do oppose a small re- 
sistance to separation of parts and to distortion of form, and 
there may exist in them temporarily tangential stresses. Such 
fluids are termed viscous fluids. 

In an elastic solid a distorting force produces immedi- 
ately a definite deformation, which is permanent so long as 
th& distorting foi*ce acts. In a viscous body the distortion 
increases as long as the force acts, and an indefinitely large dis- 
tortion is produced in time by a distorting force however smalL 
Alcohol is less, and oil more viscous than water. Certain 
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substanoes, such as pitch or sealing-wnx, are properly tiuids 
with a very high viscosity. Under the action of gravity a 
block of pitch will fiatton and flow in all directions like water, 
only the action is very slow. The resistance to distortion of a 
viscous body is proportional to the velocity of the relative 
motion of the parts, and becomes zero when the velocity is 
indefinitely small. 

An interesting experiment due to Lord Kelvin illustrates 
the action of bodies so viscous as to have the appearance of 
solids. Let a disc of cobbler's wax, about three inches thick, 
be fixed in a vessel of water below the surface, and let some 
ballets be placed on the wax, and some corks below it. 
Under the action of the weight of the bullets and the buoy- 
ancy of the corks the wax will slowly yield. After some 
weeks it will be found that the bullets have sunk through the 
wax and the corks have risen above it. The disc of wax, 
however, will be found continuous and unperforated, having 
close<l up during the passage of the solid bodies. 

In ordinary fluids the viscosity is small, and in many 

problems may be neglected without sensible error. On the 

other hand, when the relative motion of parts of the fluid is 

r<tpid, it produces very considerable effects, aud in sucb cases 

the problems are of so great complexity that usually they 

have to be dealt with by empirical methods. As water is the 

Mt generally diffused liquid, and the one which has generally 

ID be considered in engineering problems, it will be taken as the 

Benlative liquid. The great mass of experimental in- 

(ation as to the behaviour of 

t^oids under the action of forces has 

iated to water. 

11. Free Burface of a liquid. — 

The surface of a liquid at rest is hori- 

_iDittal. For if not, an inclined surface 

1 be Uikeo cutting the water surface 

I two points a and b. The weight W 

I the maas above ah will have a com- 

Kab ucting down the incline, which 

1 only bo resisted by a tangential 

But as there is no tangential stress i 
its ntrfiloe must be horizontal. 




Fig. 1. 



1 a liquid at rest 
Id a very large water surface, 
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such as that of a sea, the directions of gravity at distant 
points are not parallel. In that case the water surface is at 
aU points perpendicular to the direction of gravity. That 
a liquid surface is a plane appears from the fact that it reflects 
objects undistorted like a plane mirror; and that it is 
horizontal appears from the fact that a plumb line and 
its reflection are in one straight Una If a vessel filled with 
water is moving with uniform velocity the water surface is 
still horizontal, for gravity is the only force acting on molecules 
at the surface. But if the vessel moves with acceleration 
the particles are subjected to a force equal and opposite to the 
accelerating force due to their inertia, and the water surface is 
then perpendicular to the resultant force acting on the 
molecules. For instance, if a vessel has a constant acceleration 
p per sec. per sec., the inertia of a molecule of weight W lbs. 




1 
1 

1 
1 




/ 
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Fig. 3. 

is P = pW/^. The surface of the water (Fig. 2) is perpendicular 
to the resultant B of P and W, which makes with the vertical 
the angle a, such that 

tan a = == = -. 
W g 

If a vessel revolves imiformly about a vertical axis, the Motion 
of the water against the vessel will cause it after a time to 
revolve with uniform angular velocity also like a solid. Let 
CO be the angiQar velocity, W the weight of a particle at the 
surface at P, where the radius is r. The velocity of the 
particle at F is o>r, and its radial acceleration is C « Wrm^/g. 
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i resultant B of C and W {Fig. 3) makes with the vertical 
angle 0, such that 
Ian ft = r^, = — . 
>dtice R to meet the axia of rutatioQ in h. The subnormal 
ab = r col = -^, 

« C(»iStant, which is a property of the parabola. 

12. Fluid pressore. Pascal's law. — Fluid pressure is 
Dot only normal to any surface on which it a(;ta, and independeot 
~^_pX the orientation of the 

, but it is exerted ^ p 

qually in all directions 
roughout a fluid ntaas. 
Ippoee a vessel fitted with 
pistons of equal area. Any 
inward force P applied to 
one of them, A, is instantly 
trSDamitted, and uete as an 
_ftutw«rd force P on aU the C^ 

In any actual fluid the » x?>,.— — —-^5^ -v?v, ^ 

r layers preaa hy their "^ ^^S:^^*^ " 

night on the lower layers. Fig. j, 

I, as will he discussed 

mtly, the pressure in a fluid mass varies with the level. But 

I are light fluids, such aa air, in which for a considerable 

renoe of level there ie only a small difference of pressure, 

I in heavier fluids such as water the general preseui'e may be 

■.great, that the differences of pressure, due to such differences 

f level aa there are in the mass considered, are relatively iusig- 

Ificoiit. If the pressure at a given level in a mass of water 

■{• 100 lbs. per square inch, or 14,400 lbs. per square foot, then 

t points 10 feet above and below that level the pressures are 

ti8>776 and 15,024 lbs. per square foot, the whole difference 

g about 4 per cent. In some piattical problems this differ- 

e VAa be neglected. With lighter fluids, such as air or steam, 

tbii variation of pressure with level is much less, and in a 
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large class of problems is disregarded. In the atmosphere a 
difference of 1000 feet in level corresponds to less than 4 
per cent difference of pressure. Hence it is convenient to 
divide problems on fluid pressure into two classes, in one of 
which the pressure is regarded as uniform throughout the 
mass, as if the fluid were weightless ; in the other the varia- 
tion of pressure with level is taken into account. On a level 
plane in a fluid the pressure is always uniform. 

Fluid pressures are most conveniently measured in 
hydraulic calculations in lbs. per square foot. But there are 
other units of intensity of pressure the relations of which 
have been given in § 4. Pressures are experimentally 
determined by instruments termed gauges, and usually these 
measure the excess of the fluid pressure above the atmospheric 
pressure at the time and place. To find the absolute pressure 
the barometric pressure must be added to the gauge pressure 
(see § 5). In hydraulic problems the difference of pressure 
at two points in the fluid is alone the question, at both of 
which the atmospheric pressure is the same. Then the 
atmospheric pressure may be disregarded. But in some cases, 
for instance the question of the flow of gas in mains, the two 
points considered may be far apart and different in level, and 
then the difference of barometric pressure at the two points 
cannot be disregarded. 

13. nniform fluid pressure on a plane. — Consider a 
plane MN inclined at d to the vertical and subjected to a 
uniform pressure p. Let MN be projected on two planes at 
right angles, for simplicity suppose horizontal and vertical 
planes. I{ A = bl is the area of MN, the area of its horizontal 
projection is A^ = A sin 0, and that of its vertical projection 
is A^ = A cos 0, The resultant normal pressure on MN is 
V=pA==phL The vertical component of P is V = P sin 
0=pA sin 0=pAj^, Similarly the horizontal component of 
P is H = P cos 0=pA cos 0=pA^ Hence the resultant 
pressure on the plane MN in any given direction is the 
intensity of pressure p multiplied by the projected area of 
MN normal to that direction. This is true whatever the 
shape of the plane. 

The pressure being uniformly distributed on the surfsiod 
MN, the resultant acts through the centre of figure or mass 
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»tre of MN. Also its cGmimneiits act through the mass 
tres of the projections of MN. 
Corollary. — Od a horizontal plane in a fluid the pressure 
IS ftlwajrs uniform and normal to the surface, and its resultant 
acta through the mass centre of the surface. 




14. Uniform pressure on curved surfaces. — If the surface 
of aiea A on which a uniform fluid pressure p acts is not 
plane, the total amount of pressui'e on the surface is pA, hut 
the pressure acts in different directions at different parts of 
the surface, and the resultant pressure on the surface has a 

kdiffureut value. 
I Let ACB be any curved surface, which for simplicity may 
bt token to he one foot in length perpendicular to the paper. 
The uniform inbomal pressure is p. The total pressure on 
iiiy small element ab ia px ab, and the horizontal and 
> erticil components of this are px be and p x ae. But the 
hurizoutal component will be exactly balanced by the liorizoutal 
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pressure on the vertical projection cf of the part cd of the sur- 
face. The only unbalanced part of the pressure on a& is |7 x 

ai, and the residtant vertical 
pressure on the whole curved 
surface ACB \& 'p Xat^ that 
is j7 X the horizontal pro- 

« \^ jected area of the curved 

surface — that is, if the ring 
is one foot in length, jl lbs. 
Hence the residtant pressure on any curved surface cut off by 
a plane is normal to the plane, and equal to the intensity of 
pressure multiplied by the area of the projection of the 
surface on the plane. 




Fig. 6. 
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Fig. 7. 



Example 1. — Consider a hollow cylinder of diameter d feet subjected 
to a uniform internal pressure p lbs. per square foot. Let ohcd, be a 
diametral plane dividing the cylinder into halves. The resultant presBore 
P on each half is normal to ahcd^ and equal to 

P=pxareaa6ai 
=pWlbt., ^ 

because W. is the area of the projection ahcd of the semicylinder. 

Example 2. — Some pumps have trunks of 
half the area of the piston. 

Let D be the diameter of the piston ah in 
feet, d, that of the trunk c(2, and let p^, f,^ be the 
pressures on front and back of the piston in 

lbs. per square foot Then Pi=l>i7l^^ acts 
forward on the back of the piston, and 
P2 ^V^^^ - ^) acts backwards on the annular 
face of the piston. The resultant force driying the puton ii 
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j{(j>i —P3)^+p2^} 11»- If tlis piston fnces are reoesaed or curved in 
any way the reeultant driving pressure it not altered. 

15. Abutment at dead ends or bends of pipes. — The 
ends of piiies wht-n blanked o£f are subject to an eudwiiys 
thrust which, if not resisted by an abut- ^ 

ment, would draw the adjacent pipe joints. 
Let d be the diameter of the pipe in 
inches, k the greatest statical pressure in 
P'.fee pipe in feet of head, for instance the 

'iffetence of level of the surface of water fik 9 ~ 

I the supply reservoir and the pipe end. 

9, from §4, the pressure is 0'4333 k Ihs. per square 
tch, the total thrust on the pipe end is 

P = 7 K -iSSiPh = O-SiiPli lbs. 



a often a considerable force. In a 36-iueh pipe under 
' 200 feet of head the thrust would be 88,180 lbs., or nearly 
forty tons. Under certain circumstances, such as the sudden 
shutting of a valve on a branch near the pipe end, an 
additional thrust due to dynamical action might be produced. 
Consider nest a pipe bend (Fig. 10), and let dOb = 6,d = 
the pipe diameter, and h the head in feet. The wedge abed is 

1 onby thethtU8t8P = P = |X62-4(?A = 49d'A lbs. along 

£ of each pipe. The resultant thrust tending to displace 




R = 2P ai 



= 9SdVi s 



^IbB. 



a 36-incb pipe with a head of 200 feet, bent at an 
angle of 120°, so that ^-60°, 

B = 98 V 9 X 200 K Bin 30° = 88,200 lbs. 

If the water is flowing round the bend there is additional 
I due to the deviation of the water, which will be 
diacuattcd in a later chapter. It is usual to provide a 
masonry or cuncrete block to resist the thrust in such cases. 

The result can be arrived at in another way. If we 
rappaae the pipe divided into two troughs of semicircular 
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section by the line «/, all the upward-acting pressures act on 
the upper, and all the downward-acting pressures on the lower 
trough. The projections of the troughs on a horizontal plane 




Fig. 10. 



are shown below. The difference of their areas is the area of 
the two ellipses, the major axes of which are d and their minor 

axes d sin -. Hence the upward thrust is 
z 

R = 2jd^p sin -» 

c,n . ^ chord ef 

= 2P 8in - = P— T^ ^ • 

2 radius Oe 

16. Hydraulic press. — Suppose a vessel fitted with two 
pistons of area a and A normal to the direction in which the 
pistons move. If a downward pressure P^ is exerted on the 
smaller piston a much greater upward pressure P, will be 
exerted on the larger. The intensity of pressure in the 
fluid is Px/a, and the upward pressure on the large piston is 
P^ = P^A/o. This is the principle of the hydraulic press, in 
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whicli pressure produced by the plunger of it smiill pump is 
tnin£ milted to a very large ram. 

Obviously the sinttU piston will move a greater distance 
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a the larger. If ii„ v^ are the piston velocities, v^fv^ = A/a. 
!fae volume v^a displaced by the email piston is equal to the 
volume lijA described by the large pistou. Generally the 
friction of the pistons is not inconsiderable, and this modiEes 
somewhat the ratio of the efforts given above. 



Example.— The pump plungvr of a iargu prees is ^ ind 
and tlip prt*a ram ia 20 inches in diaiueler. Then A/o = 20^/(J)- = 710. 
Suppast B, man exerta by a Jovur a force of P| = 150 Iba. on the plunger. 
Then the upward force exerted by the press ram is 710 x 150= 106,500 
IIh., or 48 toiu. That is nef^lectiug the friction of plunger and ram. To 
uiuve tlie ■pivai ram one inch the plunger must move through 7 10 inches. 
Forging pruaes have been made on thia prineiple capable of eierCtng aE 
•ITortof 10,000 tons. 
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P&OBLEMS 

1. Troating water ae iucompresaihle, find the preaeure in tons per 
•qnare foot on the bed of the Atlantic, the deptli being & miles, 
weight of sea water 64 Ibe. per cubic foul. 754. 

i. With the conditions in the last question, find the weight of a 
cubic foot of water at the bed of the Atlantic, taking the com- 
pre«aion of the water into account, 666 lbs. pur cubic foot. 

3, A pipe 24 inches in diameter hae a right-angled bend The 
preeaure in the pipe ia 150 feet of head. Find the force tend- 
ing to displace the bend. lS-6 tons. 
Show that the surface of water in the buckets of a water-wheel 
revolving unifurmly are parte of cylindrical surfaces having 
the same aiie. 



CHAPTEK II 

DISTRIBUTION OF PBES8URB IN A UQUID VARYING WITH 

THE LEVEL 



17. Pressure coltunxt Free sor&ce level — Let a small 
vertical pipe AB be introduced into a mass of liquid. The liquid 
will rise in the pipe to some level 00, such that the weight 
of the column 6A balances the pressure on its mouth. This is 
true whether the liquid is at rest or in motion, provided the 

mouth of the pipe is parallel to the 
direction of motion so that the liquid 
does not impinge on it. The height 
AB = h measures the pressure at A. 
Let a> be the area of the cross section 
of the pipe, p the intensity of pres- 
sure at A, and G the weight of a 
cubic unit of fluid 

p = Qh or h=p/Q . (1). 

If A is in feet, p in lbs. per sq. ft, 
G = 62*4. For metre-kilogram units 
Fig. 12. G=1000. The result is expressed 

by saying that h is the height due 
to the pressure p, or conversely p the pressure due to the 
height h. The level 00 is the free surface leveL 

In general, atmospheric pressure will be acting on the free 
surface at 00. Consequently h measures the gauge pressure^ 
not the absolute pressure at A (§5). Let p^ be the atmo- 
spheric pressure in lbs. per sq. ft. Then pjQ is the height 
in feet of water equivalent to atmospheric pressure, and the 
absolute pressure at A is jp = GA +jPa 11^ V^^ 8QI- f^i or h +Pa/Gt 
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set of water. p„/G is alxiut 33'9 feet oji the average. If a 

be XX is taken at a height ^„/G above 00, the absolute 

lure at A is A„ feet of water, the layer between XX and 

00 representing a layer of water the weight of which is 

ivalent to atmospheric presaiire. In many hydraulic 

robleme only differences of pressure at two points are cou- 

Km^d, and atmospheric pressure may then be ignored. 

IS. Relative level of liquids of different density, — 
rSuppDse two liquids of density Gj, G^ are placed in a bent 
tube. At the level of the plane 
of separation 00 the pressure 
must be the same in both arms. 
IH«nce the pressure of the two 
Bolomns above that level must be 




Gt/ii = GjAj 
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(2). 

atmospheric pressure is the 

e on both columns it does 
It need to be taken into eon- p, jg 

ideration. 

Watt'8 hydrometer. — A bent tube connects two beakers 
containing fluids of different densities G,, G^. 
If a partial vacuum is formed in the bent 
tube the liquids will rise to different heights 
k , h . Let p^ be the pressure in the bent 
tube and p^ the atmospheric pressure on the 
free surface in the beakers. The pressure 
due to the weight of the columns in each 
leg must be equal to the difference of pres- 
sure pa—pff Hence 



G,/G,.Vi, . 



(3). 



If the density of one of the fluids is known, 
e : a I B =]■ '- that of the other can be determined by 
— ^ "~^ measuring the height of the columns. 

Mercury siphon gauge. — Pressme is 
[pften iuea.sured by a siphon gauge AB containing mercury 
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Fig. 14a. 



and open at one end to the atmosphere. Let Fig. 14a repre- 
sent a water main C in which the pressure is to be determined, 

and let h be the atmospheric pressure in 
inches of mercury, h the difiference of level 
of the mercury columns in the siphon 
gauge in inches. The absolute pressure 
at A is b inches of mercury, that at B is 
b + h inches of mercury. If the specific 
gravity of mercury is 13'57, the absolute 
pressure at 6 is 

(6 + h)-^ = 1 131(6 + h) feet of water. 
1 z 

If, as is often the case, the siphon gauge 
is at a considerable height H feet above 
the centre C of the main, the absolute 
pressure at C is 

1131(6 + A) + H feet of water, 
and the gauge pressure, or pressure in excess of atmospheric 
pressure, is M3U + H. 

19. Pressure on surfaces varying as the depth from 
the free surfiBU^e. — In any heavy fluid the pressure must 
increase with the depth reckoned from the actual or virtual 
free surface. 

Let A be a small vertical surface of area a> sq. ft. at a 
depth A ft. The intensity of pressure at that depth is ^ = GA 
lbs. per sq. ft. The total pressure on 
the surface is jpa> = GAci> lbs. Take 
a surface 6 equal and parallel to A 
at a distance A, and complete the 
prism AB. Its volume is hco, and if 
composed of fluid its weight is GAct> 
lbs. 

Hence the horizontal pressure on 
a small vertical surface at the depth 
A is equal to the weight of a prism of 
fluid of length A and cross section 

equal to the area of the surface. It will easily be seen 
that the restriction to a vertical surface is not necessary. 
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Fig. 16. 
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But in any case the reBultaut preaaure thus estimated ia 
normal to the surface. 

When the surface is not small it cannot be regarded as 
all at the same depth. But for each small element of the 
surface the rule applies. Consider a strip abed of a vertical 
wall, of width ab = b, and height ad = h, supporting water 
pressura Take de — kand complete the wedge abcdef. At 
any depth the intenaity of pressure is proportional to the 
b^zratal thickness of the wedge at that depth. The total 




preaBore on the wall is the weight of a wedge abcdef of Quid. 
The volume of the wedge is ^bh'' and the pressure on the 
^^vall is 

^m P = jGi^MbB. . (4). 



Further, since the distrihutioa of pressure is represented 
' the wedge, the resultant pressure acts through the mass 
mtre of the wedge, that is at hj3 above the base. 

As the pressure varies uniformly the mean pressure in this 



P„ = JGtAViA = iG7i!ba. 



1- ft.. 



which ia the pressure at the mass centre of adcd. 

The rule is general. The mean pressure on any immersed 
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plane is the pressure at its mass centre due to ita depth from 
the free surface, and the resultant preasuie normal to the 
surface is the mean pressure multiplied by the area of the 
surfoce. The point of the surface at which the resultant 
pressure acts is not in general the mass centre, and 
this will be determined presently. In the case of a curved 
surface the total pressure is also the pressure due to the depth 
of the mass centre multiplied by the area of the surface, but 
this result has little meaning. As the pressure acts every- 
where normal to the surface the total pressure consists of 
components acting in different directions. The resultant 
pressure on a curved surface will be found presently. 

Example. — A vertical semicircuUi plate of radiuB r feet utd area 
o) = ^irr*, BUpporte water on one aide level with ita atT^ight edge. The 
depth of the msas centre of the Bemicircle ia 4r/3»'. The mean praHonre 
on the Eurface is ji^ = 4Qr/3s- Ibe. per square foot. The resultant preasure 
on the sniface is 



Water at different levels on two sides of a walL — In 

coses of this kind it is convenient to consider a strip of the 
wall one foot in width (Fig. 17). 




? -h,--- 



Let A], Ai be the depths of water. The distribution of 
preasute on eadt side is given bj the dotted triangles with 
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bases eqaal to k„ k^, and the total preaeurea P,, P, are equal 
to llie weight of wedges of water one foot thick of the area of 
these triangles. Hence the presaurea per foot run of wall are 

r: iGAi' and Pj = JGA^* Iha. These pressurea act at A,/3 
Ajt/S above the base of the wall, and the overturning 
lent about the toe A of the wall is 
Let the wall be A feet high and b feet thick, and let G„ be 
the weight per cubic foot of masonry. The weight of the 
wall is G-„JA lbs., and the moment about A resisting over- 
t uming is G„6A x^b = ^GJrh. If the moment of stability is 
^Bp be 2^ times the overturning moment 



^G„fr«A = ^G(V-V) 






In thia case as the total atmospheric pressure ia the same 
on both sides of the wall it ia neglected without any error. 

20. PreBBure on a flap valve covering the end of a 
pipe of circniar aection (Fig. 18). 

Let d be the diameter of the pipe in feet and the angle 
inclination of the flap to the vertical. The projection of the 

on a vertical plane is a circle of area Af = -T(P. Ita pro- 

ition on a horizoLtal plane is an ellipse, the principal axea 

of which are d and d tan 9. Hence ita area ia A^ = jd^ tan B. 

The mean bead on the flap is k measured to its centre of 
The horizontal and vertical components of the pi-eseure 
I the 6ap are equal to the mean pressure multiplied by the 
9 of the vertical and horizontal projections. That is, the" 
rtical component is 

P„ = (ih ' Aj, = ~GA(/^ Un 8 lbs., 

inUil component is 

P» = GA X A„ = jGWe IbB. 
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The resultant pressure normal to the flap is 

P - -^/(P,* + P»*) = GAA lbs. 



(7) 



It will be shown presently that the horizontal component acts 
at a point h + cP/16h below the water surface, whidi is more 
nearly equal to A as A is greater. If the horizontal component 
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Fig. 18. 

is drawn at this depth, the point where it intersects the flap 
is the centre of pressure at which the residtant pressure on the 
flap acts. 

21. Centre of pressure on any vertical surface. — Let 
AB (Fig. 19) be any surface of area A square feet, the vertical 
projection of which is given on the right. Let A^ Ag be the 
depths of A and 6 from the free surface. Let D be the mass 
centre of the surface at depth A^ and E the centre of pressure 
at depth z. The resultant pressure on the surface is 

P = GA^ A lbs. 

Ck>n8ider a horizontal strip of the surface between the depths 
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h and h + dh and of width h. Its area is hdh, and the pressure 
on it is Ghhdh, The moment of this, about a horizontal axis 
through C, is GbhHh. The total moment of the pressure on 
the surface about C is therefore 



hhHh = GI, 




where I is the moment of inertia of the surface about a 
horizontal axis through C, normal to the plane of the figure. 




Fig. 19. 

But this must be equal to the moment of the resultant 
pressure about the same axi& Hence 

Pz = Gh^kz = GI 
I 



AA^ 



(8). 



or if I =s I^A. where k is the radius of gyration of the surface 
about the axis through C, 

k^ 



z = 



(9). 



»m 



The moment of inertia of a surface about an axis through 
the mass centre of the surface is known for various surfacea 
Let I^ be the moment of inertia of the surface about an axis 
throogh its masB centre and normal to the plane of the figure. 
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Ceittbb of Pbbssure and Total Pressure 



Surface. 



Rectangle A . 



Rectangle B 



Triangle C 



Circle D . 



Semicircle £ . 



Area A. 



hh 



bh 



M 



icr^ 



Ellipse O, one 
axis vertical 



Trapeziom F . 



2^ 



irr^r^ 



JMfi-^h) 



Depth of 

Man Centre 

ttom Free 

Surface x. 



h 
2 



a + - 
^2 



h 
3 



a + r 



4r 
37r 



a + T, 



AB + 26 
3 B + 6 



Depth of Centre 

of Pressure firom 

Free Surface z. 



^ 3a + 2^ 
3 2a +X 



h 
2 



a + r-\- 



4(r + a) 
[a = 
z = 5/4r] 



16 



a-\-r,+ 



i^4(a + ri) 



AB + 36 
2B~+26 



Total Pressure 
on Surface P. 



-GhK^ 



o(-,^) 



hh 



\ohK^ 
6 



Girr2(a + r) 



3^ 



G^i^2(* + ^i) 



-GA2(B + 26) 
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Then by the well-known role 

L + AV 
AA« 
Bnmple. — Let the surfiice be a dide of diameter d, 

64 ^4"^^ 



. (10). 
Thenl, = ^4. 



=A-+ 



ieA« 



^ - — 



f 
^ 



22. Pressure and centre of pressure on any plane 
SOrfiBM^e. — Let A6 be the surfiGtce in a plane normal to the 

plane of the figure inclined 
-^ at d to the horizontal 
=^ Take OB for the X axis 
and an axis through O per- 
pendicular to the plane of 
the figure for the Y axis. 
Let A be the area of the 
surface ; B the pressure on 
it ; OA = Xi ; OB = x^. 
Let c be the mass centre 
of the surface and d the 
centre of pi-essure, and let Oc = x^ and Od = x^. 

Consider a strip of the surface between x and x + dx o{ 
breadth y. Its depth below the water surface is x sin 0, and 
the total pressure on it is Gkc sin Oydx, Hence the whole 
pressure on AB is 




Fig. 20. 



R = G sin ^ 



But I xydz = AXe 




xydx. 




R = G M sin 6, 

where G^^ sin is the intensity of pressure at the mass centre 
of the surface. Taking moments about the Y axis, 



RajrfsGsin^ (Afdx. 
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Bat I :^ydx is the moment of inertia I of the surface 



(11). 



r 

■TBiit I =r t*A where k is the radius of gyration of the surface 
about the Y axis, „ 

.. = 1 • ■ . ■ (12). 
The lateral position of the centre of pressure is found thus: 
the mass centre and centre of pressure of the surface are in 
the same vertical plane, parallel to the plane of the figure, 

liVHien surfaces are not vertical it is often convenient to 
find the component pressures on their horizontal and vertical 
pTOJectione separately and combine them. 
~ The Table on p, 29 gives the pressure and depth of 

ntre of pressore for various vertical surfaces. 




23. Graphic determinatioa of the pressure on surfaces. 
" I of a curved face of a retaining wall or dam. Let 
: 20a represent the vertical section of a curved wall. 
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ABCD, which may be treated as polygonal without serious 
error if the divisions are taken small enough. It is con- 
venient in such cases to consider one foot length of the walL 

The curved face being divided into lengths AB, BC, CD, 
each equal to a, the area of these faces will be a also. Let 
K> K» ^z> K ^ ^^^ depths of A, B, C, D below the &ee 
surface. Take Aa normal to AB and equal to A^ ; B& normal 
to AB and equal to h^ Join db. Then Aa5B represents 

in magnitude and distri- 
bution the normal pressure 
on A B. The total pressure 
on AB is the weight of 
a prism of water Ao^B 
one foot thick. That is 

Pi = iGa(*i + Aj). aiid it 
acts through the mass 
centre C of Aa5B normally 
to AB. Similarly the pres- 
sures Pj = ^Ga(Aj + \), 
and P3 = ^Ga(h^ + A J can 
be found in position and 
direction. Draw the force 
polygon (Fig. 206) with 
sides equal on any scale 
and parallel to P^, Pg, Pj. 
The closing line gives the 
resultant B in magnitude 
and direction. Choose a 
pole and draw rays to 
the angles of the force 
polygon. Next draw the funicular polygon mnopq with sides 
mn, no, op,pq parallel to the rays, taken in order, and intersect- 
ing the pressui-es P^, Pg, P3 at n, 0, p. Produce the first and 
Ijist lines of the funicular polygon to meet in x. Then x 
is a point through which the resultant K of the pressure 
acts. B can be drawn through x and parallel to B in the 
force polygon. The resultant pressure on ABCD is therefore 
found in magnitude, position, and direction. 

24. I1O88 of weight of immersed bodies. Buoyancy, 
of Archimedes. — Let Fig. 21 represent a body 




Fig. 20b, 
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immerBed in water. Consider a prism ab of small cross 

BectioD at a depth A, Since the vertical projections of the 

two ends of this prism are 

equal, and the pressure due to =^ r^^ =^~=~ =^^^jSl~ -ii1 ='j= 

the depth k is the same on 

each, the horizontal forces on 

the prism must balance ; and 

since the body can be divided 

into such prisms the horizontal c~tz'.:' "'•''. \ 1/ 

forces on the whole body must 
balance also, Next consider _ 

a small vertical prism cd. If tL 

M ifl the horizontal cross Fig. 21. 

section, and h.^, k^ the depths 

of the ends below the free surface, the resultant pressure acting 
on it is an upward force Go>(A, — h^). But this ia equal and 
opposite to the weight of a prism cd of water. Since the 
body can be divided into a set of similar vertical priame, the 
[i whole upward pressure on it must be the weight of a volume 
^Hf water equal to the volume of the body. If W ia the 
^pWeight of the body not immersed, and V its volume, the 
upward pressure is GV, and the resultant downward force 
W — GV, The body loses, when immersed, a weight equal 
to the weight of water displaced. The upward pressure GV is 
termed the buoyancy, and it acts through the mass centre of 
the water displaced, a point termed the centre of buoyancy. 
If the body is homogeneous, the centre of buoyancy coincides 
with the mass centre of the body, provided it is wholly 
immersed. If the body is not wholly immersed, or is hollow 
or of varying density, the centre of buoyancy will not generally 

rcide with the mass centre of the body. 
Note that if GV is gi-eater than W the body will float. 
part of it rises out of the water, the volume V of water 
displaced diminishes. The pliine of flotation when the body 
^'"inies to rest is such that GV = W where V ia not now the 
Tolume of the body, hut the volume of the water displaced, 
B buoyancy then exactly balancing the weight, 

, Equilibriam of floating: bodies. — If a body floats on 

I weight W of the body and the buoyancy B are 

t W acts at t)ie mass centre b of the body, and B 
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at the mass centre a of the displaced water. If these are not 
on the same vertical there is a couple Wx tending to tnm the 

body, and it most move 
till a is on a vertical 
through b. The line pass- 
ing through a and b when 
the body has taken a 
position of rest is called 
the axis of flotation. K 
the axis of flotation is 
known, as in the case 
of various symmetrical 
bodies, the depth of flota- 
tion is easily found. Thus 
if the body is a prism of section A perpendicular to the axis 
of flotation, W its weight, and D the depth immersed, 

D = W/GA. 

Stability of floating bodies. Metacentre. — A body floats 
in an upright position if a plane through the axis of flotation 
divides it into sym- 
metrical parts. The 
body is stable if when 
slightly displaced it 
returns to its former 
position, unstable if 
a small displacement 
tends to increase. 
Let Fig. 23 represent 
a floating body, and 
let W be its weight, 
y its displacement, 
so that W = GV. 
Let B be the centre 
of buoyancy when the body floats upright, and G its mass centre. 
If the body is displaced, the centre of buoyancy moves out to 
some point Bi- The weight W and buoyancy GV then form a 
couple tending to rotate the body. Let M be the intersection 
of GV with the' axis of flotation through B and G. This 
point is termed the nttacentre. If M is above G the body 




Fig. 28. 
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will tui-n so that G siuks and M rises, and the action tends to 
luutul the displacement. If M is below G the body is iin- 
Htable. If M and G coincide equilibrium is indifferent. 

When M ia above G the righting couple ie Wa;, where x is 
the horizontftl distance between the metoceutre M and the 
mass centre G. If MG = c and if> ia the angle of displacement, 
the righting couple is We sin tfi. It increases, therefore, with 
e. On the other hand the rapidity of rolling increases with c, 
and therefore there is a limit to the metaeentric height which 
is desirable. But these are questions beyond the scope of the 
present treatise. 

PaoBLBus. 

. If mercury is 13^ times heavier than wal«r, liiid tLe beighl in 
inchea of a mercury column corresponding to a presaiire of 
100 lbs. per square inch. 905*1. 

, A masonry dam vertical on the water side supports water of 100 
&et depth. Fiud the pcesaure per square foot at 26 and 75 
Teet from the water aar&ce, and the total pressure on one foot 
It^ngth of dam. 1560 and 46S0 tbs. per square foot ; 31 2,000 lbs. 

L Find the resultant pressure on. a circular plate 6 feet in diameter, 
with its top edge 10 feet below the water surface — (1) When 
the plate is vertical ; (S) When the plate is inclined at 30" to 
the horizontal. Also the position of the centre ol' pressure 
when the plate ia vertical. 

15,310 and 13,790 Iba. ; 12'826 feet from surface. 

I. A dock entrance ia closed hj a caisson 50 feet wide at holtom and 

60 feet wide at the water surface, 24 feet above the bottom. 

Find the total pressure on the caisson when the dock ia empty. 

958,260 IbtL 

I. Two lock-gates are each 10 feet wide, and support w.iter 10 feet 
deep in the head hay, the lock being empty- The gates meet 
at an angle of 120°. Find the total pressure on each gate, 
and the thrust at the hollow quoins. 31,200 lbs. ; 31,200 lbs. 

I, A ship weighs 1000 touB. Find its displacement in sea water. 

360,000 cubic feet. 

'. If the ship in the last question is vertical-sided near the water- 
line, and ha« a section of IfiOO square feet at the water-line, by 
how much would the draught change in passing from sea to 
freeh water J 6 feet. 

L A hnmogeneoua log ia 3 feet wide, 2 feet deep, and 20 feet long. 
llB density is half that of water. It carries at its centre a load 
at 2000 lbs. Find its depth of immersion. 18'4 inches. 

>. A (Urn supporting water pressure is vertical for 20 feet below the 
water surface, slopes at 1 in 5 from 20 feet to 30 feel, and at 
1 in 3 from 30 feet to 40 feeL Find, graphically, the magni- 
tude and position of the resultant water pressure. 
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26. Hydrutics is the sdenoe of liquids or incompressible 
fluids in motion, and oompiises — 

(a) The laws of discharge finom <Hifices, and sluices, and 
over weirs. The application of these is chiefly to the measure- 
ment of the flow of water. 

(6) The laws of flow in pipes, canals, and rivers. The 
application of these is partly to water measurement, partly 
to the design of pipes and channels. 

(r) The lavra of impact of water streams on surfaces, the 
most important applications of which are to the design of 
some types of vrater motors. 

(d) The laws of the resistance of water to the motion of 
bodies immersed or floating in it The application of these 
is to ship design. 

Pure theoretical hydrodynamics has proceeded but little 
beyond the consideration of the action of a perfect fluid 
without viscosity. The conclusions reached are in no case 
correct for actual fluids, and in some cases are in startling 
contradiction with the facts of experience. In practical 
hydraulics it is impossible to proceed on strictly theoretical 
lines. There are rational principles wbich serve for the solu- 
tion of some elementary problems. In more complex cases 
dynamical reasoning serves as a basis or guide in generalising the 
results of experiment. But usually in hydraulics theoretical 
conclusions have to be checked and modified by the results of 
observation. In rigid dynamics rational solutions of problems 
are obtained based on the tu^urate determination of a few 
fundamental physical constants. In hydrodynamics the 
conditions are generally so complex that no such simple 
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mtioQal conclueJous cau be found. lo the etrict eenee 
bjdrauUcs is not a science. It is embarraased by tangles of 
formulae, whicb, initially based on imperfect reasoning, have 
been modified and adjusted to conform more or leas accurately 
to the results of experiments, themselves affected to some 
extent by observational errors. On the other band, it must 
be recognised that during more than two centuries a very 
large mass of experimental observation on the motion of water 
in different circumstances has been acctunulated. For the 
practical purposes of the engineer, the empirical laws of 
hydraulics used with proper insight into their limitations 
are suflicicDl and trustworthy as solutions of practical problems, 
27. The two modes of motion of water. — The first 
fundamenbd difficulty in hydraulics is that water moves in 
two diEfereut and characteristic ways. When water is acceler- 
ated or retarded tbe inertia forces acting on the mass are the 
same as for any other heavy body. But from the extreme 
mobility of the parts they readily take relative motions which 
absorb energy, which is rapidly destroyed by internal retarding 
forces commonly termed frictional resistances, though they are 
tially different from the friction of solids. In certain 
!a these frictional resistances vary directly as the trans- 
donal velocity of flow, in others they vary nearly as the 
[Wire of that velocity. It is clear that in the two cases 
there must be an essential difference in the character of the 
iQOCion. Using floating threads, or Professor Osborne Reynolds' 
method of coloured fluid streams, it is found that in one class 
cases the particles follow very direct and constant paths 
streftm lines ; in the other the particles eddy about in 
itantly changing paths of great sinuosity. Professor 
nolds has pointed out that the surface of a slow current 
clear water sometimes presents a plate-glass appearance, 
■tious of objects on the surface being undistorted. That 
corresponds to non-sinuous or stream-line motion. 
other times the surface presents a sheet-glass appearance, 
:tk»ia being blurred or distorted. That is due to eddy 
TnotioQB slightly disturbing the water surface. In a river 
in flood the continual breaking up of the surface by eddies is 
iviuufl enough. 

Now in stream-line motion of the water (Fig. 24, a) the 
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nsisUnce is dae to tbe Isnuiue sliding od each other with verf 
snull diflerences of reUtiTS Telodtf . The relative motion is 
of^osed br tbe riaoosity (rf* the liqnid ; the ledBtance is of the 
natoie of a shearing lesiatance, and ia proportional to the 
velocity oi sliding. On the other hand, in eddying or 
turbulent motion (Fig. 24, h) tbe relative velocities are very 
mach greater, energy ia expended in giving motion to the 
eddies, and this energy is giadnally dissipated as the eddiee 
die ont in cooseqaenoe of their mntnal friction. The kinetic 
eoergy of an eddy is propor^ 
tional to tbe square of its 
velocity, and as this most have 
a definite relation to the general 
velocity of txanslation of the 
stream it is intelligible that 
tbe resistance varies nearly as 
the square of the velocity. In 
a stream in turbulent motion 
there is a continual generation 
of eddies and stilling of them 
again by fluid friction, and 
consequently a continual degra- 
dation of mechanical energy 
into beat throughout tbe fluid 
mass. Tbe theory of stream- 
line motion is much more 
perfect than tbe theory of 
turbulent motion ; indeed, in 
tbe strict sense there is no rational theory of turbulent 
motion but only empirical laws deduced from experiment. 
Unfortunately, almost all cases of practical importance to tbe 
engineer are cases of turbulent motion. 

In cases of eddying motion, such as that shown in Fig. 
24, b, the motion may be analysed into two parts : (a) a general 
average motion of translation, and (6) an eddying motion 
superposed which has no resultant motion. It is the former 
only with which the engineer is in general concerned, and to 
which tbe empirical laws of flow apply- 
As an instance of bow eddying may come in to modify the 
action of water, an interesting experiment by Mr. Ghuicb, at 
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Fig. 24. 
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the Cornell XTniveraity, may be taken. He tried the discharge 
through two orifices, A and B (Fig. 25). Theae were exactly 
of the same size, except that E had a smoothly formed con- 
traction at tlie inlet ; but it was found that B discharged 
about 10 per cent more than A. Now, 
why should coDtracting the section increase 
^ydie discharge ? The reason is simple, viz., 
^I^at in B the change of section of the 
^pvater stream is fairly gradual, and there 
is not much tendency to disturb the 
stream - line motion and generate eddies. 

But in A the abrupt inlet angle generates 

3i«8, and so destroys part of the head 
lahle for producing the velocity of flow. 
'. if the velocity of discharge is reduced 
10 per cent the kinetic energy of the jet 
is reduced about 20 per cent, or nearly 
one-fifth of the energy is absorbed by the 
eddies due to the sharp corner. That ia a 
case where the influence of eddies is com- 
paratively small. In flow through a long Fig' 25. 
[lipe it ia much greater. Take a pipe of 
12 inches diameter with a virtual slope of 1 in 1000. If in 
such a pipe non-sinuous motion were possible the velocity 
would be 72 feet per second. But the actual velocity, the 
motion being turbulent, is only Ij foot per second. The 
difference shows the enormous amount of mechanical energy 
expended in eddy-making. 

28. Oniform and varying motion. — Let ah {Fig. 26) 
. path along which fluid particles are moving. If 
the velocity of a particle a ia constant 
along the path the motion is uniform, 
if not it is varyimj. In the ordinary 
cases of turbulent motion it is said to 
^uniform if the general velocity of translation is constant, 
1 varying if it is not constant. In a canal of constant 
flection the motion along the canal is usually uniform. In a 
river the section of which varies the motion is varying, that 
(^ it ia faster where the section is smaller, and slower where 
B greater. 




Fig. «. 
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Steady and unsteady motion. — This introduces an idea 
special to hydraulics and of great importance. Consider a 
definite bounded space (Fig. 27) through which water is flow- 
ing along definite stream lines. If in that space the velocity 

is constant from minute 

^ ^ ^^ ^ to minute, or from hour 

^ — > y^ ^\ to hour, the motion is 

^ ^ J^ -^^^ steady. If it changes 

^ ^ — r \ the motion is said to 




:» — ► I A I be unsteady. In turbu- 

lent motion, if at a 

given point the general 

~~~ motion of translation is 

^~* — ■ constant in velocity and 

direction, the eddies 

Fig. 27. being disr^arded, it is 

said to be steady. If 
not it is unsteady. At a given poiat on a river bank in 
normal conditions the velocity and direction of motion are the 
same from day to day. But when rising in flood or subsiding 
afterwards, the velocity varies from minute to minute by some 
small amoxmt, and the motion is unsteady. 

In ordinary streams and rivers in which the motion is 
turbulent, the velocity and direction of motion at any point 
varies from moment to moment. But if the eddies are dis- 
regarded the average velocity over short periods varies very 
little either in direction or velocity. If the variations are 
regarded as periodic, then the general motion, apart from the 
temporary fluctuations, is treated as steady motion. The 
motion is regarded as equivalent to simple stream-line motion, 
except that the energy absorbed and dissipated in eddies has 
to be allowed for by experimental corrections. 

29. Volume of flow. — Let A (Fig. 28) be any ideal plane 
surface, of area a>, in a stream, normal to the direction of 
motion, and let V be the velocity of the fluid. Then the 
volume flowing through the surface A in unit time is 

Q = a)V .... (1). 

Thus, if the motion is rectilinear, all the particles at any 
instant in the sarfiace A will be found after one second in a 
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lilar surface A', at u distance V, and as each particle is 
fcllowed by a continuous thread of other particles, the volume 
t flow is the right priam AA' having a base u and length V. 



A 




Fig. 2a. 



KiB- liW. 



If the direction of motion makes an angle 9 with the 
normal to the surface, the volume of flow is represented by 
an oblique prism AA' (Fig. 29), and in that ease 

tQ = «.Vco8 . . . (2). 
Xean Telocity of flow. — In most practical cases the 
ocity V will be different at different parts of the cross 
'_i tion A of the stream. In a river, for instance, the velocity 
I -. greater towards the middle and top surfiice, and less toward.s 
itie bottom and sidea If v Is the velocity at some small 
element dta of the section, the volume of flow is 

il=/fdu.. . . (3), 

wbeie the integration extends to the whole surface to uf the 
cnwB section. The mean velocity over the section is 



V„ =^- 



(■1). 



. large number of practical problems it is this mean 
city which is required. Obviously the volume of flow is 



I V^ ifi inclined at 6 to the surface, 

Q = V„wcoafl. 

Priociple of continuity. — Consider 



iU}{h which liquid is flowing, 
i oonlinuously filled with (. 
: must be equal, for 



flxed bounded space 
If for any given time the 
id the inflow and outflow 
le volume in the space is 
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constant. If inflow is reckoned + and outflow — , the volume 
of flow for all the boundaries is 



2Q = . 



(6). 



In general the condition that the space should be con- 
tinuously filled is that the pressure must be a thrust every- 
where throughout the spaca If water contains air in solution 
as is ordinarily the case, the air is disengaged, and there is a 
break in continuity if the thrust falls below a certain value, 
depending on the amount of edr in solution. 

Let A^, A^ be two cross sections of a stream flowing in 
rigid boundaries, and V^, V^ the normal velocities at those 
sections. Then firom the principle of continuity 






t 



Ax • 



(6a); 



that is, the normal velocities are inversely as the areas of the 
cross sections. This is true of the mean velocities if at each 
section the velocity of the stream varies. In a river of vary- 
ing slope the velocity varies with the slope. It is easy, there- 
fore, to see that in parts of 
" ~£i=-Z : ^ '-zE^ — ZjE. ^= [1j P-i^ "■=Zr large cross section the slope 

is smaller than in parts of 
small cross section. 

If we conceive a space 
in a liquid bounded by 
normal sections at A^, A^, 
and between A^ A^ by 
stream lines (Fig. 30), then. 




Fig. 80. 



as there is no flow across the stream lines, 

V,-A, 



(7). 



as in a stream with rigid boundaries. 

30. Application of the principle of the conservation of 
energy to stream-line motion. Bernoulli's theorem. 

Let AB (Fig. 31) be any one elementary stream in a 
steadily moving fluid mas& Then from the steadiness of the 
motion AB is a fixed path in space, and the fluid in it may 
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be regarded as flowing in a tube. Let 00 be the free surface 
level, and XX any horizontal datum plane. Lei « be the area 
of a normal cross section, v the velocity, p the pressure, and z 
the elevation above the datum plane at A, and w,, Vi,pi, Zi, the 
corresponding quantities at 
B. and let Q be the flow in __^ =.-_^^ -^ -_„- ^ -_- ^ ^_-^ 

Pmiit time. Suppose that =-—-^= ^=~~^-^ ^=- 
In a short time (, AB comes A, X, 
to A'E'. Then AA' = i;( 
and BB' = Vit, and the vol- 
nmes of fluid AA', BB', ^ 
the equal inflow and out- ! 

flow = Q( = an'i = w,y,(. If _ i j 

all frictionol or viscous re- ^ ^ 

siBtBiices are absent the ^'6* '•■ 

^^Vrork of the external forces 

^■prill be equal to the change of kinetic energy. 

1^ The normal pressures on the surface of AB, except at the 
ends, are everywhere perpendicular to the direction of motion 
and do no work. Hence the external forces to be reckoned 
are the pressurea on the ends and gravity. The work of 
gravity when AB falls to A'B' is the same as if AA' were 
transferred to BB'. That is 

Work of gravity = GQ({s - i,) foot-pounds. 
The work of the pressures on the ends, reckoning that at B 
negative because it opposes motion, is (pressure x volume 
described) 

puvt - P^mjVit = Cifip -Pi). 

Xbe change of kinetic energy in the time t is the difference of 
' I kinetic enei^ of AA' and BB'. for in the space A'B the 
r ia unchanged when the motion is steady. 
, G 
The mass of AA or BB is — Q(, and the change of kinetic 

f in t seconds is 

lating work expended and change of kinetic energy, 
G(jI(i-2jtQ/(f-p,).^<Jl(^'-^). 
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Dividing by GQ^ the weight of fluid and rearranging, 



2 



or as A and 6 are any two points, 

— + ^ + 5: = constant = H foot-pounds . (9), 

where the quantities are reckoned per pound of fluid. The 
three terms on the left are quantities of energy, and correspond 
to the three forms in which energy may exist in a fluid in 
motion, due to elevation, pressure, and velocity. They are 
commonly called the heads due to elevation, pressure, and 
velocity respectively, head being defined as energy per pound 
of fluid. H is the total energy per pound. If A is the height 
from the point considered measured up to the free surface, 

V* p 

^ + ^ - ^ = H foot-pounds . (10). 

The theorem may be expressed thus : — The total head or total 
energy per pound of fluid, relatively to a given horizontal 
datum plane, is uniformly distributed along a stream line. 

The term head in hydraulics. — The term head is an old 
millwright's word. A mill was said to have a good head of 
water if it possessed a waterfall which, from its volume of flow 
and height, was capable of developing a good amount of power 
when used on a water-wheel. The term is now scientifically 
understood as just defined. Since a pound of water falling 
through a height h acquires h foot-pounds of energy, height 
and head of elevation are numerically equal. Hence the term 
head is often used loosely as equivalent to height, but this is 
misleading. The term head should be restricted to cases in 
which energy is considered. 

Consider water flowing through a frictionless pipe AB 
(Fig. 32), and that for the present viscosity effects such as the 
production of eddies are negligible. Let pressure columns be 
introduced at A and B. Let z, p, v, be the elevation, pressure, 
and velocity at A, and Zi, pj, Vi, the same quantities at B. The 
water will rise in the pressure columns to heights p/G and Pi/G, 
so that the heights of A' and B' above the datum XX are 
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z + p/O and zj+pJG. Join A'B' and draw AT!) horizontal. 
A'B' is called the line of hydraulic gnidient. or slope of the 
preasiire-columa tops wheu the liquid ie flowing. The fall of 
the free surface level DB'=p/G + s — O'l/G + s,), and this by 
the theorem above is equal to (v' — v')l2g. Consequently if 
distances A' A" = i^l2ff and B'B" = v^j2g are set up, A"B" is a 
horizontal line at a height H above the datum XX. The 
atmospheric pressure is assumed to be the same at both 
pressure columua ; if it is not, the heads due to atmoapheric 
pressure at A and B must be reckoned as part of the pressure 




heads. The modificatiou of this wiieii f'rictiou lias to be 
considered will be given later. 

It will be seen from Bernoulli's equation that the three 
forms of head which make up the total head are convertible. 
Tbna for points on the same level, if the velocity increases the 
]>reBBUre must diminish, and vice versa. If the pipe is of 
uniform section so that the velocity is uniform, then if the 
elevation tiicreiifles the pressure diminishes, and vict versa. 

31. Dlastrationa of the theorem of BetnoullL — In a 
lecture u> the mechanical section of the British Association in 
1875, the late Mr. W. Froude gave some experimental illustra- 
lions of the principle of Bernnulli. Mr. Froude remarked that 
it w»s a oommon but erroneous impression that a fluid exercises 
in a ooncractiog pipe A (Fig. 33) an excess of pressure against 
bbe entire converging surface which it meets, and that, con- 
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as It CBtos an 
expoMKied hj the oiUie 
Furthia', U is commonlT 



t B, a relief of pressure id 
Bozface of the pipe. 
that when passing through a 




B 




contraction C, there is in the narrow neck an excess of pressure 
due to the sqneeiing together of the liquid at that point. 
These impressions are in no respect correct ; the pressure is 
smaller as the section of the pipe is smaller, and converselj. 
Fig. 34 shows a pipe so formed that a contraction is 




Fig. 34. 

followed by an enlargement, and Fig. 35 one in which an 
enlargement is followed by a contraction. The vertical pressure 
columns show the decrease of pressure at the contraction, and 
increase of pressure at the enlargement. The line abe in both 
figures shows the variation of free surface level, supposing the 
pipe Motionless. In actual pipes, however, work is expended 
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t &tclional eddies; the total head diminishes in proceeding 
loDg the pipe, and the free surface level is a line such as 
J|C,, falling below abc. 

Mr, Froude further points out that, if a pipe contracts 




Fig. 35. 



B again to the same size, the resultant pressure on 

llw.aaBTergiu!{ part exactly balances the resultant pressure on 
ihe diverging part, so that there is no tendency to move the 
pipe bodily when water 0ows through it. Thus the conical 
part AE (Fig. 36) presents the same projected surface as HI, 




1 the pressures parallel to the axis of the pipe, normal to 
projected suifaces, balance each other. Similarly the 
B nn BC, CD, balance those on GH, EG. In the same 
wmy, in any combination of enlargements and contractions there 
is ft balance of the pressures parallel to the axis of the pipe, 
proTi<Itid the area and direction of the ends are the same. If, 
however, the eddy loss is taken into account the balance is 
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imperfect, and there is a drag in the direction of the motion 
of the water. 

Let Fig. 37 repreaent two dstems A and £ provided with 
a oonverging pipe B and a diverging pipe D. The water will 
flow firom A, cross the gap C, and fill £, till the level in it is 
nearly the same as in A. The pressure head h at the datum 
line XX in A becomes a velocity head f^l2g at the gap, and 
is reconverted into a pressure head nearly equal to A in K 
There is a small loss due to inexact correspondence of the 
orifices and to eddy loss. In the jet crossing the gap there is 



rf-f §--t--^^ 




(^^^^ 



?>.fJy//J//////?y. 



/jj/?j?j/j/'A 
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uo pressure except the atmospheric pressure acting uniformly 
throughout the system. 

31a. Variation of pressure across the stream lines in 
two-dimensional motions.^ — Let AB, CD be two stream lines 
in the plane of the figure (Fig. 37a). Along the stream lines 
the variation of pressure and velocity is determined by 
Bernoulli's theorem. Normal to the plane of the figure, since 
the stream lines are parallel, the distribution of pressure is 
hydrostatic There remains the direction in the plane of the 
figure and along the radius of curvature, that is the direction 
PQ. Let PQ be particles moving along the stream lines at 
a distance PQ = ds, and let z be the elevation above a datum 



1 See Ck>tterill, '* On the Distribution of Energy in a Mass of Flnid in Steady 
Motion," FhU. Mag., February 1876. 
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plane, ji the pressure, and v the velocity at Q. At Q the 
total head or energy per pound of fluid is 

Differentiating, the increment of head between Q and P is 
But dz ^ds COB ^, ^ 

. . (11), 



Gr g 



where the last tenn disappears when the motion is in a 
horizontal plane. 




Ccods 



Fig. 37a. 



Imagine a small cylinder of section a> described round PQ 
as an axi& This will be in equilibrium under the action of 
its weight Gaxis ; the pressures on its ends pto and (p + dp)(a ; 
and its centrifugal force acting along the radius of curvature 

and equal to • -, where r is the radius of curvature at Q. 

Taking components parallel to PQ, 
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^=(^-«-*> • • • (12)- 



Introdaciiig this in (11), the increment of head between Q and 
Pis 

cffl = ^ + — . (13). 

OaraUaiy. — If the stream lines aie straight and parallel 
in a horizontal plane, r is infinite and the increment of head 
across the stream lines is vdvjg. Comparing this with (11), 
dpjGt = 0, or the pressure is uniform in a direction normal to 
the stream lines. If the stream lines are straight and parallel 
in a vertical plane dH,^vdv/g, and comparing this with (11), 
dp/G ^d8co8^^dz,or p/G + z^ constant, that is, the pressure 
along a vertic^ varies hydrostatically, or in the same way as 
in a fluid at rest 

3 2. Hm^m^^ngr cuiTent. — Suppose water supplied steadily 
at the centre and flowing outwards between two parallel plates 
at a distance d apart (Fig. 38). From the uniformity of 
conditions the stream lines vdll be straight and radial Con- 
ceive two cylindric sections of the current at radii r^ and r^, 
where the velocities are Vi and v^, and the pressures pi and p^ 
Since the flow across each section must be the same, 

Q = 2vr^dv^ = 2vr^v^ 

-1 = !?. 

The velocity ^varies inversely as the radius, and would be 
infinite at the centre if the radial flow could extend so far. 
The motion being steady. 



G 2^\^ fjV ' ' • ^^*^' 
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Hence the pressure increases from the interior outwards iu a 
way indicated by the pressure columns in Fig. 38. In the 
plane of the figure the curve 
through the pressure column 
tops, or curve of the free 
surface, is a quaai-hyperbola 
of the form xy^ = c*. This | 

curve is asymptotic to the R/g 
vertical axis of the current 
and to a horizontal line H 
feet above the plane from 
which the pressures are meas- 
9 worth noting 
X if the discharge is into 
air the pressure p^/G at 
circumference is atmo- 
spheric pressure. All the pres- 
Buree at less radii are smaller 
than atmospheric pressure. 
Hence the total pressure 
above the top plate is greater 
than that below it, and if the 
top plate is loose it would 
t«nd to approach the lower 
^late and not to recede from Fig. sg. 

H Free circular Tortex. — A free circular vortex is a re- 

^olTing mass of water, in which the stream lines are concentric 

circles, and in which the total head for each stream line is 

the Bame. Hence, if by any slow radial motion portions of 

the water strayed from one stream line to another, they would 

take freely the velocities proper to their new positions under 

the action of the existing fluid pressures only. 

For such a current, the motion being horizontal, we have 

t all the circular elementary streams 

„ p e* 

n = pi-¥ — - coiiBtant ; 
G 2g 
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... rfH = t + ^" = 0. . . . (15). 

Consider two stream lines at radii r and r + dr (Fig. 38). 
Then in eq. (13) r==r and ds-dr, 

«*, vdv 
—dr + — = 0, 

r' 9 

dv _ dr 

V r * 

roc- .... (16), 

precisely as in a radiating current ; and hence the distribution 
of pressure is the same, and formulse 14 and 14a are applic- 
able to this case. 

Free spiral vortex. — ^As in a radiating and circular 
current the equations of motion are the same, they will also 
apply to a vortex in which the motion is compounded of these 
motions in any proportions, provided the radial component of 
the motion varies inversely as the radius as in a radial current, 
and the tangential component varies inversely as the radius 
as in a free vortex. Then the whole velocity at any point 
will be inversely proportional to the radius of the point, and 
the fluid will describe stream lines having a constant inclina- 
tion to the radius drawn to the axis of the current. That is, 
the stream lines will be logarithmic spirals. When water is 
delivered from the circumference of a centrifugal pump or 
turbine into a chamber, it forms a free vortex of this kind. 
The water flows spirally outwards, its velocity diminishing 
and its pressure increasing according to the law stated above, 
and the head along each spiral stream line is constant. 

33. Forced vortex. — If the law of motion in a rotating 
current is dififerent from that in a free vortex, some force 
must be applied to cause the variation of velocity. The 
simplest case is that of a rotating current in which all the 
particles have equal angular velocity, as for instance when 
they are driven round by radiating paddles revolving uniformly. 
Then in equation (13), considering two circular stream lines 
of radii r and r + dr (Fig. 39), we have r = r, d8=^dr. If the 
angular velocity is a, then v=:ar and dv = adr. Hence 
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mpsiing this with eq. (II), and pnttiiig dx = 
totioD is borizontal, 

df .*rrfr 2.V^ 
Of 9 ' 



(17). 



Let p,, r„ r, be the pressure, radius, and velocity at one 
cylindrical section, p^ i 
ihoBe at another 




(18). 

k 3%at is, the pressure increases 
[om within outwards in a 
Te which iu radial sections 
is a parabola, and surfaces of 
equal pressure are paraboloids 
of revolution (Fig. 39). This 
case corresponds to a crude 
form of centrifugal pump. 
Apart from a small head pro- 
ducing the radial flow, the lift 
of the pump is ■ *w :^- feet, 
where p^ and p^ are the pres- 
sures at the outlet and inlet 
of the pump disc 

34. Ventmi meter. — An Fig. 39. 

extremely beautifol application 

of this principle has l)een made by Mr. Clemens Herschel, in 
the construction of what he has termed the Venturi meter 
; water flowing in pipes. Suppose in any water- 
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main a contractioD is made (Fig. 40), the change of section 
being very gradual to avoid the production of eddies. The 
ratio p of the Bectiona at inlet and throat is in actoal meters 
between 5 to 1 and 20 to 1, and is very carefully determined 
by the maker of the meter. Then the ratio of the velocity v 
in the main and the velocity u at the throat is definitely 
known. Now snppoae glass tubes, "piezometer tubes" they 
are sometimes called, are inserted, in which tiie water ascends 
to a height which measures the pressura Since the velocity 
is greater at the throat than in the main, the pieasuie will 




be less and the pressure bead A, will be leas than K^, and this 
is a quantity easily observed. Using Bernoulli's equation, 

or putting u=pv, where p ia the ratio of the cross sections, 

from which the velocity at the throat can be determined if 
the Yenturi head A., — A, is observed, and the ratio p of 
the eeotiooa ia known. But if u and the area at the throat 
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Tare known, the discharge of the meter is known. Let il be 
the section of the pipe, then iljp ia the section at the throat. 
For simplicity let A, — Aj = h. Then the discharge is 

Hence, by a simple observation of the piezometric heights, 
the flow in the main at any moment can be determined. 
Notice that if a third piezometer ia introduced where the 
water has regained its original section and velocity, the piezo- 
metric height will be the same as at first, except for a small 
loss due to the fact that the motion is not quite non-ainuoiis, 

»and that some eddies are generated in the meter. 
In order to get the pressure head at the throat very exactly, 
Mr. Herschel surrounds the throat with an annular passage 
communicating with the throat by small holes, sometimes 
formed in vulcanite plugs to pi-event corrosion. 

Although constructed to secure as far as possible non- 
fiinuoas motion, the eddy motion cannot be entirely prevented 
the Venturi meter. The main effect of this is to cause a 
loss of head between the two ends of the meter, varyiug between 
1 foot and 5 feet according to the velocity through the meter, 
lut the eddying also aETects the difference of head at inlet and 
iroat, from which the discharge through the meter is 
calculated ; consequently, even with this meter, an experi- 
mental coefficient must be introduced, determined by tank 
measuremeut. However, the range of this coefficient is 
surprisiogly small. Mr. Herschel found coefficients ranging 
between 0"97 and I'O for throat velocities varying between 8 
feet per second and 28 feet per second, or inlet velocities 
;rying between 0^9 foot pet second and 31 feet per second. 
Putting eq. (20) in the form 



Q = cQ v' y ^\) c. ft. per sec. 



(SOtt), 



phere c is the coef&cient of the meter, the mean value of c is 
|'972, and it is rather smaller for small values and greater for 
|irge values of the Venturi head k. It is stated to be desirable 
lat the throat velocity should be 15 to 40 feet per second. 
f the Venturi head is measured by a mercury siphon gauge, let 
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h^ be the difTerence of level in the gauge in inches, and let 
13 '5 9 be the density of mercury. Then the Venturi head in 
feet of water is 

1 ^'^0 — 1 

A= -^2-*^= 1-049 ^, . . (21). 

Mr. Kent of Holborn has constructed two meters for 
94-inch mains at the reservoir works at Staines. The coned 
parts are of riveted steel plates, and have a total length of 84 
feet. The throat ratio is 1 to 7, and they can register a flow 
varying from 400,000 to 6,000,000 gallons per hour. Two 
still larger meters are being constructed for a pumping station 
at Divi in the Madras Presidency. The main pipes are 120 
inches in diameter. The upstream cones are of steel plate 
bedded in concrete, and the downstream cones of concrete only. 
Each meter can register from 1 to 11 million gallons per 
hour. Various forms of recording apparatus have been used 
with the meter. In one, a line proportional in length to the 
discharge is drawn on the recording drum at every quarter 
hour or other predetermined interval. In another, a line is 
drawn showing the Venturi head at each instant. An in- 
tegrating arrangement is also used, the total flow for any given 
time being shown by a counter. 

35. Principle of the conseryation of momentum. — If a 
force P acts on a body of weight W, or mass m = W/g, moving 
in the direction of P, the change of velocity from Vi to i?2 i^ 
time t is given by the relation 

W 

Pt=^m{v^-v^) = —{v^-v^) . . (22), 

where P^ in second-poimds is termed the impulse of the force, 
and m(i?2 — Vj) the change of momentum. Thus the imptdse 
of a force is equal to the change of momentum in the direction 
of the force. Conversely, if the body sufifers a decrease of 
momentum due to a change of velocity ^from v^ to Vj, it must 
exert an impulse of "Pt second-pounds in the direction of the 
change of momentum. The principle of momentum is of 
special use in hydraulics, because it can be applied irrespectively 
of the mutual action of the particles and of their actual motions, 
only their velocity components in the direction considered 
being required. 
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36. Relation of pressure and velocity in a stream in 
steady motion when the changes of section of the stream 
are abrupt. — When a aLct-aEi (.■huiigua section abruptly, rotating 
eddiea are formed wliich dissipate energy. The energy absorbed 
in producing rotation is at once abstracted from that effective 



causing the flow, and 
frictional resistances due 
to the rapid relative 
motion of tiie eddying 
parts of the fluid. The 
energy thus lost is com- 
monly termed energy lost 
shock. Suppose Fig. 
L to represent a stream 
ityiDg eucb an abrupt 
_ I of Bectioa Let 
i ^99 be normal sec- 



later it is wasted by 



_^ 



Fig. i 



I at points where ordinary stream -line motion has not 

been disturbed and where it has been re-established. Let 

», p, V be the area of aection, pressure, and velocity at AB, 

and (o„ pi, Vi corresponding quantities at CD. Then if no work 

Ldrere expended internally, and assuming the stream horizontal, 

^Httii 
^Keh< 

^■^ T 



2, 



= 5 + ^ 



(23). 



t if work is expended in producing irregular eddying motion, 
9 head at the section CD will be diminished. 
Suppose the mass ABCD comes in a short time ( to A'B'C'D'. 
i resultant force parallel to the axis of the stream is 



+7'o('»i 



-}-;',-, 



where Pq is put for the unknown preflaure on the annular apace 
between AB and £F, The impulse of that force is 

The horizontal cliange of momentum in the same time is the 
difference of the momenta of CDCD' and ABA'B', because the 
amount of momentum between A'B' and CD remains unchanged 
if the motion is steady. The volume of ABA'B' or CDC'D'. 
iDg tbv inflow and outflow in the lime t. is Qf = uvt = (D,v,t, 
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and the momentum of these masses is — (M and —QvJ. The 

9 9 

change of momentum is therefore —(^{v^ - v). Equating this 
to the impulse. 

Assume that p^^p^ the pressure at AB extending unchanged 
through the portions of fluid in contact with AE, BF which 
lie out of the path of the stream. Then (since Q = ^v^ 

G^2^ G^2^^ 2g ' ^^*'*^- 

This diflers from the expression obtained for cases where no 
sensible internal work is done, by the last term on the right. 

That is, ■ » ^ has to be added to the total head at CD, which 

p f} ^ (^ ff \^ 

is ?i + ^» to make it equal to the total head at AB, or o 

is the head lost in shock at the abrupt change of section. 
But v-'Vi is the relative velocity of the two ptirts of the 
stream. Hence, when an abrupt change of section occurs, the 

(t; - v.y 

head due to the relative velocity is lost in shock, or » 

foot-pounds of energy is wasted for each pound of fluid. 
Experiment verifies this result, so that the assumption that 
Po^P appears to be admissible. 
If there is no shock, 

Pi_P . ^~V 
G"G 2g ' 

If there is shock, 

Pi P_ ^i(^i - v) 
G'G"" g ' 

Hence the pressure head at CD in the second case is lees than 
in the former by the quantity 
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(25). 



The labyrinth piaton packing. — Pistons for pumps are 
metimes made witii a aeries of ciccumferential 

. without aiiy other packing. The passage ^^^m? 
between the cylinder and piaton then consists of n |^^M 
wide spaces of cross section A and n + 1 spaces of l^^p 
smaller cross section a. Let Q be the amount of jj^ ^ 
leakage per second. Then the velocity in the narrow pjg ^2. 
passages is Q/a, and that in the wide passages is 
Q/A. At each change of velocity in passing from a narrow 
to a wide paaeage there will be a loss of head 



la-i)- 



F 



2?' 

And as the energy in the last narrow passage is also wasted 
le whole loss of head is 



lich wheu A is large 



^A 



impared with a tends to the limit 



As the total difference of head between the two sides of the 
piston which produces the leakage is a fixed quantity, the 
greater the head wasted the smaller the leakage. The larger 
« and the smaller a the less will be the leakage. There are 
In addition some resistances in the small passages which are 
tot included in this reckoning. 



PROBt.EUB 

. A pipe AB, 100 feet loTig, haa an inclination upwards of 1 in 4. 
The bead due to the prtasttre at A is 60 feet, the velocity ie 
4 feet pur secoud, and the seclion of the pipe is 3 square feet. 
Find the head due to the pressure at B, where the section ii 
1J iqiuK feet. 85 teet 
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2. The injection orifice of a condenser is at 12 feet below the surface 

of supply tank. The condenser gauge shows a pressure of 5 
inches of mercury. N^lecting frictional resistances, find the 
velocity at which water will enter the condenser. 

50*9 ft per sec 

3. A Venturi meter has a diameter of 4 feet in the large part and 

1*25 feet in the throat With water flowing through it, the 
pressure head is 100 feet in the large part and 85 feet at the 
throat Find the velocity in the small part and the discharge 
through the meter. Coefficient of meter taken as unity. 

38*3 c. ft per sec. 

4. Ten cubic feet of water are discharged by a pipe per second under 

a total head of 100 feet Find Lp. of the stream. 113. 

5. Water flows radially outwards between two parallel platea. At 

2 feet radius the pressure head is 10 feet and the velocity is 
10 feet per second. Find the pressure and velocity at 4 feet 
radius. 10 ft per sec; 14*7 ft 

6. Ten cubic feet of water per second flow through a pipe of 1 square 

foot area, which suddenly enlarges to 4 square feet area. Taking 
the pressure at 100 lbs. per square foot in the smaller part of 
the pipe, find (1) the head lost in shock ; (2) the pressure in 
the larger part ; (3) the work expended in forcing the water 
through the enlargement ; (4) the rise of temperature of the 
water at the enlargement 

0-87 ft; 136 lbs. per sq. in.; 545 ft-lbs. per sec; 0*07" F. 

7. A centrifugal pump with radial vanes has diameters of 1 fuot 

inside and 2 feet outside. It revolves 360 times per minute. 
Find the pressure height produced in the pump. 16'6 ft 

8. A Venturi meter is 3 feet in diameter at each end and 1 foot in 

diameter at the throat Find the Venturi head when the inlet 
velocity is 3 feet per second. Coefficient 0*97. 10-53 ft 

9. Find the energy stored per cubic foot of water in an accumulator 

loaded to 700 lbs. per square inch. 100,800 ft-lbs. 

10. In a Venturi meter the diameters at inlet and throat are 12 

inches and 5 inches. With water flowing through the meter, 
the Venturi head is observed to be 6 inches of mercury. Find 
the discharge. 2*9 c ft per sec 
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37. Experimental obaervationa. — Some simple laws govern- 

iDg the discharge from orificea are directly indicated by 

simple observations. Suppose a 

naervoir arranged as shown in 

Fig. 43, with a horizontal orifice 

A feet below the free surface and 

a vertical jet That this condition 

may be permanent, and the How 

steady, water must he supplied 

continuously at the free surface 
^^U the rate at which it is dis- 
^^Hftrged by the jet. The jet rises 
^Hnry nearly to the free surface 

level in the reseiToir, and the 

small difference A, may reasonably 

be attributed to small resistances 
[Nof the air or orifice. Neglecting 
email quantity, particle.^ 

prhich rise freely to a heiglit A Fig. 43. 

inst have issued from tlie orifice 
bth a velocity given by the relation 

f; = V(23A)fl. persec. . . (I), 

This relation was first discovered by Torricelli and Bernoulli. 

If the orifice is of a proper conoidal form, the section of the 

t the ciri6ce is equal to the area of the orifice, and the 

/ streams forming the jet are normal to the orifice, 

1 the area of the orifice. Then (§ 29) the discharge 

~ glecting the small resistances, 



62 



HYDRAULICS 



CHAP. 



Q = (dv = 0) s/{2gh) 

= 8*02doi y/h c. ft. per sec. (la). 

The actual velocity and discharge will be slightly less than 
this if the resistances are considered 

In the case of a horizontal orifice the head is the same 
at all parts of the orifice. But equations (1) and (la) are 

used also for the more ordinary 




H H, 



Mb 



V 



A 



case in which the orifice is 
vertical, and the head varies at 
different parts of the orifice, 
and it is necessary to inquire 
how far this is justifiable In 
the case of vertical orifices the 
head h is taken to be the head 
measured to the centre of the 
orifice. Consider a conoidal 
rectangular orifice such that the 
section of the jet is identical 
with the area of the outlet of the orifice (Fig. 44). Let Hj 
be the head at the top edge, and H2 that at the bottom edge 
of the orifice, and B its breadth. The area is B(Hj — Hj) 
and the mean head is A = ^(H2 + Hj). Putting these values 



i 




Fig. 44. 



in eq. (la). 



Q = B(H2 - H,) v/MH, + H,)}. 



and the velocity of discharge, the same at all partes of the 
orifice, on the assumption that the variation of head is 
negligible, is — 

t^i = v/MH, + H,)}. 

Consider a horizontal lamina issuing between the levels H and 
H + dH, Its area is BdH, and the discharge is BdH ^(2^H). 
The discharge of the whole orifice is 




Q = B^/2^ B^dH 



= lB^2g{E,^ - H,*} 



. (2). 



Hence the mean velocity when the variation of head is taken 
into the reckoning is 
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;^'2? 



H,'-H ,i 
H.-H, 



(2.). 



Companng thlB with the velocity fouiiil if the variutioD of 
bead is neglected, 

.," 3 (H, - - 
Let H, = pH„ 



3 (H, 


-H,MH, + H,) 


'j 2^'2 


1-p' 


', 3 


l-p)^/(l+p) ■ 


. 


P2_ 



■2 


0-9428 
0-9797 



0-6 



I 



It is clear that v, is always a little less than v,, but the 
'iiffereDce becomes less as p iacreases and is negligibly small 
if p>0'5. Hence, except when the head on the top of the 
orifice is less than half the head on the bottom, the approxi- 
uxal« equation (1) or (la) may be used without sensible error 
in plitce of the more complicated equations (2) and (2a). The 
practically important case when H, = will be dealt with 
later. 

t38. OoefflcientB of velocity and resistance. — The ap- 
simate formula just given may be made exact for any 
su conditions by introducing an experimental coefficient. 
I actual velocity of discharge is 
Va = c,^2gh .... (4), 
jre 0, is a coeiBcient termed the coefficient of velocity, 
which experiment shows to vary little for a given type of 
ohSoa For weU-formed simple orifices c, is 097 to 098, 
and rather greater for very great heada. The velocity of dis- 
charge can be expressed in another way. If h^ is the actual 
height to which the molecules rise, v^ = -Jlgh^ If the loss 
of head A, = eji„ where c, is a coefficient termed the co- 
efficient of resistance. 



V 



■.'ji)K= y(2j] 



(6) 
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Equating the two expressioiiB for v„ 



=-y(ry 



1 



-1 



(6). 



Thufl if e,= 0-97, c, = 00628; and if <:,= 098, c, = 00412. 

The work of gravity on each pound of water descending 
from the free surface level to the orifice is h ft.-lb8., and if 
unresisted the water would acquire i^/2g ft.-lb& of kinetic 
enei^. The actual energy of the jet is only v^j2g = A, ft- 
Ibs. per pound. Hence A, = CrV^j2g ft-lbs. per pound is the 
energy wasted in oveicoming resistances. With the values of 
Cr given above, from 6^ to 4^ per cent of the head is wasted. 




Fig. 15. 

OoefScient of contraction. — When a jet issues &om an 
orifice it may either spring clear from the inner edge of the 
orifice as at a or 6 (Fig. 45), or it may adhere to the sides of 
the orifice as at c. The former condition always obtains if the 
orifice is bevelled to a sharp edge as at a, and generally for 
cylindrical orifices such as h if the thickness of the plate is 
not more than the diameter of the orifice. If the plate 
thickness is 1^ times the diameter of the orifice or more, the 
condition shown at c obtains, and it is convenient to dis- 
tinguish orifices of that kind as mouthpieces. At c the jet 
issues " full bore," or of the same diameter as the orifice, but 
in the other cases the jet contracts to a diameter smaller than 
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Xhe orifice in consequence ot" the convergence of tbe streams 
which make up the jet. 

I^t m be the area of the orifice and c^m the contracted area 
of the jet. Then c„ is a coefficient to be determined experi- 
mentally, called the coefficient of contraction, which is found 
to be nearly constant for certain types of orifice. For sharp- 
edged or virtually sharp-edged orifices, such as those shown in 
a and b, the average value of c^ is 0'64, but with different 
kinds of orifice its value may range from 0"5 to I'O. With 
= 0'64 the diameter of the contracted 
ion of a circular jet is 0-8 of the 
iet«r of the orifice. 

It may be noted that as the stream 
lines are curved when approaching the 
contracted section there is a centrifugal 
pressure across the stream lines (Fig. 46). 
Hence the pressure is greater and the 
velocity less towards the centre of the 
converging jet. At the contracted section 
tbe stream lines become parallel, the 
preseure is uniform, and probably the velocity nearty uniform. 
CoefiBcient of diacharge. — The discharge Q = qm; is 
diminished partly by reduc- 
tion of velocity, partly by 
contraction of section. Hence 
the actual discharge is 

or if e.^„ = c, which is termed 
the coefficient of discharge. 



q^ = c,^,J^h . (7). 

For sharp-edged plane ori- 
fices c averages about 0'975 
x064 = 0-62. But exact 
values for different cases will 
be given presently. 

39. Experimental de- 
terminatiOD of c,, c,,, and c. — To determine the coefBcient of 
contraction, the section of the jet must he measured at a distance 
from the orifice equal to about half its diameter. Fig. 47 shows 



Fig. 46. 
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an arrangement of set-sorews which can be set to touch the 
jet, and the distance between them afterwards measured. 
When the orifice is not circular the measurement is difficult, 

because the section 
of the jet is not ex- 
actly similar to the 
orifice. 

The coefficient of 
velocity is most easily 
found by measuring 
the parabolic path of 
a horizontal jet. Let 
OAB (Fig. 48) be 
the path of the jet. 
TakeOX,OYashori. 
zontal and vertical 
co-ordinate axes. Let 
h be the head over 
the centre of the 
orifice, and a;, y the co-ordinates of any point A. If t^^ is the 
horizontal velocity of the jet, and t the time in which a particle 
falls from to A, 




X^Vat'y 



y = |</^; 



consequently 



'■-A 



'9^\ 



^yj' 



Cv = 



s/{2gh) 



V( 



^yh/ 



As a check, other co-ordinates, such as a^, y^, should be measured. 
In principle, the coefficient of velocity could be found by 
measuring the height h^ (Fig. 43) to which a vertical jet rises 
under a head h. Then 



Cv = 



Vr 



s/(2gh) 



-M 



but, except for moderately small heads, the measurement is 
difficult. 

In practical hydraulics the coefficient of discharge is much 
more important than the others, and it can be determined with 
very great accuracy by tank measurement. In Fig. 49 is 
shown an arrangement of a measuring tank for gauging the 
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flow from an orifice or notch. The orifice is placed at the end 

of the reservoir A, and discharges into the waste channel C, 

__and the water flows to waste at F. A trough on rollers B can 

i slid onder the jet, and then delivers the water into the 

tHuring tank D. In the tank is a stilling screen S, and an 

Hitlet valve E. Means are provided for very accurately 

isuring the water-level at the beginning and end of a 

nvenient interval of time, and the area of the tank must be 

refiUly determined. Let the water be discharged into the 

Ilk for t seconds, during which the level in the reservoir of 




Q= — ^—, — '— = cui v^2yA cubic feet per aecond, 
(H, -H,)A 

All the required measurements can be made with great 
■ccurucy, especially if the tank ia large enough to contain the 
r during ten or fifteen minutes. 

40. Use of orifices in measnnof water. — The Romans 

1 orifices of bronze to deliver regulated quantities of water 

1 the aqueducts to consumers. The unit of dischai^e was 

1 an orifice 0'907 inches diameter, and was termed a 

Fifteen sizes were used, the largest being 8-964 inches 

Ufter, and delivering 97 quinarise. The discharge was 

to be proportional to the area of the orifice, and 
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although it was known that the discharge depended in some 
way on the head, the arrangements adopted to secure approxi- 
mate uniformity of head in dififerent cases are not known and 
appear to have been imperfect (Frontinus, De Aquis, translated 
by Herschel). 

In the case of the irrigation works of Northern Italy the 
water was supplied to estates through orifices, termed modules, 
for which the height and head were legally fixed, and the 
width varied according to the amount of water required. This 
is an almost exact way of delivering a measured quantity of 
water. The Sardinian unit module was an orifice 0*656 feet 
square with a head of 0*656 above the top edge, delivering 
about 2 cubic feet per second. 

An old measure of the discharge of the same kind was the 
so-called water inch, defined by some of the older French 
hydraulicians as the discharge of an orifice one inch in 
diameter, with a head of one line above the top edge. In the 
mining district of California a similar method was used in 
supplying water to difTerent mines from a supply channeL 
The imit of discharge was termed the miner's inch, and was 
the discharge through one square inch of orifice with a head 
of 6^ inches, or about 1*5 cubic feet per minute. But as the 
form of the orifice and the head were not defined as carefully 
as in the Italian regulations, the value of the miner's inch 
varied a good deal in dififerent districts. Later legal defini- 
tions of the miner's inch were adopted, varying in difTerent 
cases from 1*5 to 1*2 cubic feet per minute. 

In delivering compensation water from reservoirs to 
streams in this country an orifice is used, the head on which 
is regulated so as to be constant. The arrangement is such 
that any riparian owner interested in the flow in the stream 
can at any time see whether the proper head, and therefore the 
proper discharge, is maintained. 

41. Measurement of the head over an orifice. — The 

most convenient way of measuring the head over an orifice in 
a tank is by a gauge-glass, scale, and vernier (Fig. 50). A 
bar AA is rigidly attached to the tank, having a slot in 
which the scale BB slides. The scale has at the bottom an 
adjusting screw by which its zero can be set exactly to the 
level of the centre of the orifice. A slider C, with a finger 




projecting across the gauge-glaBs, has also a vernier reading 
on the Bcale. Tlie scale is most couveniently divided into 
feet, tenths, and hundredths of a foot. Tlie vernier then 
nads to 0001 foot. The zero of the scale can he properly 




Kig. 60, 



fixed by very carefully levelling a surface plate between the 
e and scale, and transferring the centre of the orifice to the 
s by a scribing block. 

Another method of measuring the head is by using a float. 
r the float has a cord passing over a pulley, a finger attached 
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to the pulley will give a magnified motion which can be read 
on a diaL In this case the zero of the scale can be deter- 
mined by bringing the water-level exactly to the lower edge 
of the orifice and noting the reading on the finger of the 
dial 

A more accurate method of determining the exact water- 
level is the use of the hook gauge, invented by Mr. V. 
Boyden in 1840. It consists of a fixed frame with sliding 
scale and vernier (Fig. 51). The vernier is fixed to the frame, 
and the scale slides vertically. The scale carries at its lower 
end a hook with a fine point, and the scale carrying the hook 
can be raised or lowered very slowly by a fine-pitched screw. 
If the hook is depressed below the water surface and then 
raised gradually by the screw, the moment of its reaching the 
water surface will be very clearly marked by a sudden re- 
flection from a small capillary elevation of the water surface 
over the point of the hook. In good light differences of level 
of O'OOOl of a foot are easily detected by the hook gauge. 
The gauge is specially useful in measuring the head over 
weirs which requires to be determined very accurately. The 
point of the hook should be set by levelling very exactly at 
the level of the weir crest, and a reading taken. Then the 
difference of any reading of the water-level and this reading is 
the head on the weir. It is generally convenient to place the 
hook gauge in a small cistern, communicating with the stream 
passing over the weir by a pipe. The water-level in such a 
cistern fluctuates less than in the stream, and the gauge is 
more easily read. 

42. Coefficients for bellmonths or conoidal orifices. — 
When a bellmouth is formed so as to contract gradually, and 
finally become cylindric, when in fact it has nearly the form 
of a contracting jet, the contraction occurs within the mouth- 
piece and there is no further contraction beyond it. The 
section of the jet is then equal to the area (o of the smaller 
end of the mouthpiece. 0^= 1, and c^ for moderate heads is 
about 097, which is also the value of c, 

(i = c^^/{2gh) . . (9). 

For such an orifice Weisbach has found the following 
values of the coefficients with different heads : — 
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Bdd OTor Orifioe iu Foel=A. 


■69. 


I-M. 


■ws. 


66^77. 


3a7^9S. 


Coefficient of Telocity = e. 


■959 

■087 


■987 
■069 


•87S 

■052 


■994 
■012 


■994 
■012 



Fig. 52 shows a conoidal mouthpiece of approximately 
correct form. 





43. Coefficients for sharp-edged orifices with complete 
ntractiOQ. — Orifices are used in measuring the rate of flow 
of water. If the flow is discharged through an orifice, 
and the bead at the orifice measured, the rate of flow can be 
letermined, provided the coefficients of the orifice are known. 
5iB orifice which can he constructed and measured with most 
icy is a circular hole in a comparatively thin plate. In 
asea a rectangular apertiire is move convenient, 
s the edges of the hole are bevelled (Fig. 4b, a); but 
s is not important, and the edge is more liable to injury. 
%e form b is most generally used, the edge being kept as 
square tts possible. A large amount of experimental research 
haa been done in determining the coefficients of orifices of this 
type of vuriooa sizes and under difierent heads, and the results 
have been tabulated, so that for most cases the coefScients can 
be selected. Perhaps the most complete collection of such 
Bperiments on the discharge of sharp-edged orifices is to be 
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found in Hamilton Smith's Hifdravlies (London, 1886), where 
the results are discussed and plotted in curves. In cases where 
great accuracy is important it is desirable that the coefQdents 
for the particular orifice used should be determined by direct 
experiment Differences in the condition of the edge and the 
position of the orifice relatively to the walls of the reservoir 
cause variations of the coefficient which cannot be indicated in 
any tables. 

Broadly, for large sharp-edged orifices in plane surfiEtces, 
and not near lateral boundaries, under moderately large heads, 
the coefficient of discharge has a feiirly constant value not 
differing much from c=: 0*595. The value of the coefficient 
is greater as the head is smaller, and as the area of the orifice 
is smaller. For small orifices under comparatively small heads 
it may have the value c = 0*650, an increase of 9 per cent 
The following tables contain values selected from Hamilton 
Smith's reductions, modified where necessary to be applicable 
in the ordinary formula 

Q = cci)n/2^ . . (10). 

For large vertical orifices under small heads there is a decrease 
of c. 



Coefficient of Discharge c of Square Sharp-Edobd Obificss 

IN Eq. (10) 



Head over Centre 
in Feet, h. 



0-4 
0-6 
0-7 
lO 
1-6 
2-0 
3-0 
4-0 
60 
70 
10-0 
20O 





Length of Side of ^iiare in Feet 




0-02. 

• • • 


0-03. 

• • • 


0-06. 
•637 


0-10. 


0^40. 


1-00. 


•621 


• • • 


• ■ • 


• • • 


•648 


633 


•619 


•697 


• • • 


•666 


•642 


•628 


•616 


•600 


•682 


•648 


•636 


•622 


•613 


•602 


•692 


•641 


•629 


•618 


•610 


•604 


•699 


•637 


•626 


•616 


•608 


•605 


•600 


•632 


•622 


•612 


•607 


•606 


•602 


•628 


•619 


•610 


606 


•606 


•602 


•626 


•617 


•610 


•606 


•604 


•602 


•621 


•616 


•608 


•606 


•604 


•602 


•616 


•611 


•606 


•604 


•603 


•601 


•608 


•606 


•603 


•602 


•601 


•600 



rv 
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COKFFICIEKT OF DiSOHARGB C FOB CIRCULAR ShARP-EdGBD ORIFIOES 

IN Eo. (10) 



Head over Centre 
in Feet, A. 


Diameter of Orifice in Feet. 


0-02. 


©•03. 


0-06. 


0-10. 


0^40. 


roo. 


0-4 
0-5 
0-7 
1-0 
1-5 
2-0 
3-0 
4-0 
6-0 
7-0 
10-0 
20-0 


• « • 

• • • 

•661 
•644 
•637 
•632 
•627 
•623 
•620 
•616 
•611 
•601 


• • • 

•643 
•637 
-631 
•626 
•621 
-617 
•614 
•613 
•609 
•606 
-600 


•631 
•627 
•622 
•617 
•613 
•610 
•606 
•606 
•606 
•603 
•601 
•698 


•618 
•616 
•611 
•608 
•606 
•604 
•603 
•602 
•601 
•600 
-598 
-696 


• • • 

•592 
•696 
•697 
•699 
•599 
•699 
•698 
•698 
-698 
•697 
•596 


• • • 

• • • 

•679 
•686 
-592 
•694 
•697 
-696 
-696 
-696 
-596 
-594 



Mr. Mair carried out a series of careful tests on the 
coefi&cient of discharge of circular orifices in conditions per- 
mitting exceptional accuracy of observation {Proc, Inst Civil 
Engineers, Ixxxiv., 1885-86). The following Table gives a 
selection of the results : — 



Values of c in Eq. (10) 



Head in Feet 


Diameter' of Orifice in 


Inches. 




1 


li 


2 


H 


3 


Diame 


ter of Orifice in Feet. 


•083. 


-126. 


-167. 


•208. 


•250. 

0-609 
0-606 
0-605 


•75 
15 
2^0 


0^616 
0^610 
0^609 


0616 
0-611 
0609 


0-616 
0610 
0^609 


0-607 
0-603 
0-604 



The results agree closely with the relation 

0-0098 
c = 0-6076 + -^^ - 00037rf, 

where A is in feet and d in inche& In the case of a 2-inch 
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orifice a minute rounding of the square edge altered the coeffi- 
cient from 0*612 to 0*622 under the same conditions exactly. 
Mr. Ellis measured indirectly by a weir the discharge 
from a sharp-edged orifice 2 feet square, under heads varying 
from 2 to 3^ feet. For A = 2 feet, e = 0*611. For the larger 
heads c was not sensibly different fix)m 0*60 (Trans. Am. Soc. 
Civil Engineers, 1876). 

Rectangular orifices. Experiments of Poncelet and 
Lesbros. — For rectangular orifices there is a variation of the 
coefficient of discharge c both with the height a and the 
width b of the orifice. But for ratios of b/a not exceeding 20, 
it appears that c depends chiefly on the smaller dimension of 
the orifice independently of the other. The following are a 
few values selected from the results obtained by Poncelet and 
Lesbros : h^ is the head at the top edge of the orifice, so that 

the head to the centre of the orifice is Ag + h- The discharge 



is therefore 



(i^cab^{2g(h^ + ^) . 



(11). 



The sides of the channel of approach were at least 2f & 
from the vertical edges, and the bottom at least 2^a from 
the lower edge of the orifice. The head was measured not 
immediately at the orifice, but at some distance back, where 
the water was nearly at rest. 



COEFnCIENTS OF DISCHARGE C FOR ReOTANOULAB OrIFICES 

IN Eq. (11) 



Head over 
Top Edge 
of Orifice, 

Feet. 
•066 




Width, b= 


0656 Feet 




Width, 6=1^968. 




Height in 


Feet, o = 




Height, a = 


•0656. 


•164. 
•615 


•328. 


•656. 


•0656. 
•643 


•656. 


•659 


•596 


•672 


• • ■ 


•164 


•658 


•625 


•605 


•686 


•641 


•697 


•328 


•654 


•630 


•611 


•592 


•639 


•602 


•656 


•648 


•630 


•616 


•698 


•635 


•606 


1-64 


•640 


•628 


•617 


•603 


•630 


•607 


.3^28 


•633 


•626 


•616 


•606 


•626 


•606 


4-92 


•619 


•620 


•611 


•602 


•623 


•602 


6-56 


•612 


•613 


•607 


•601 


•620 


•602 


9*84 


•610 


•606 


•603 


•601 


•616 


•601 




L. Submerged sharp-edged orlQces. — If tlie ori 
drowned below the tail water the conditions of discharge are 
ill no important way altered, except that thu effective head is 
the difference of level of the free surfacu of the head and tail 
vrater. Aa there ia often some diatiirbance in the tail water 
near the orifice the level of the tail water should be taken at 
a point where the disturbance haa subaided. So far as is 
known, the coefficient of discharge is the same as for an orifice 
discharging in the air. Some experiments by Hamilton Smith 
■4^w that this mnat be very nearly the coee. 



JKWKcjKXT OF DiscHABOM IN Eu. (10) OF Obifickh DBOWNED 1 

THK BXTENT Of 0-07 TO 0'73 FbBT (HAMILTOJi SulTH) 



n«ndu, <r=0-OG. 


Cirenlw, d=01. 


Sqwre, 0-06x0-06. 


BqnucO^lxO'l. 


BMd. 

i. 


<• 


EBectlT. 
Bead, 
h. 


'■ 


Held, 

h. 


.:, 


KffBEtlV. 

Head, 
A. 


'■ 


4'oe 

S-I6 
■44 


•602 
■«04 
■618 


3-97 699 
S-00 1 -801 
•20 -600 


4-08 
2-21 
■30 


■607 
■609 
■620 


3-95 
S^32 
■21 


-600 
■604 
■618 



45. Orifice at the end of a channel. — When the orifice 
in Ht the end of u channel the cross section of which il is not 
very large compared with the area to of the orifice, the 
velocity of approach to the orifice increases the discharge. In 
tliat case the discharge is 



-V 



aji 



V-07 



(12); 



tlic hiaid k is measuied at aome distance back from the 
Miifii-/-. The value ni r in thia case is not well determined. 

46. Self-adJQsting orifices for constant discharge. 
The Spanish module. — -In a number of caaea, especially in 
the case of the distribution of irrigation water, it is required 
to deliver from a canal or reservoir a eonatant supply of 
KAtvr, notwithstanding variations of level in the canal or 
reservoir. A number of derices for thia purpose have been 
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invsnted, and the Spauish nioUuIe used on the canal ' 
Isabella II., which Bupplies Madrid with water, may be takei 
as a type. The module, Fig. 53, consistB of two cbambeni 
the upper beiog in free comniimicatioii with the cauol and the 
lower diaehai^in^ by a culvert to the fields In the flot 
between the chambers there is a siiarp-edijed orifice 
bronze plate, Hanging tii this is a bronze plug of % 




diamete a ape ded f m a float If the wate le el falls 
plug g ve. a la ^e open ng an 1 conversely f the water 
the pi g fill a greau part of the o fi e Th f the pli 
is prope ly fo med a o atant i scha ge w tl varj u^ heiui 
obtained Tl e tl eu y of the nodule s very 8 pla Let 
(Fig. 54) Le the ad of the hxed hce th nd U8 of t 
plug at a d ataou. / f om ll plane of flotat on of the floi 
I the required constant discharge of the module. The 



and C 
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Taking r 



- 0-ti3, 



Q= 15-88(ir-rS)v 



Vi^ 



! \ 

s sin- 






Tjj'ff/rr.i.-^ - 




Fig. 54. 



I 

expression iii brackets is not negative, and then values of r 

uiD be found for various 

values of k, and with 

these the curve of the 

plug can be drawn. 

The module in Fig. 5 3 

discharges 1 c metre 

per sec. The fixed 

ojiemng is 02 metre 

diameter, and the 

greatest head above 

the orifice is 1 metre. 

47. Flow from 

orifices of liquids other than water. — The same laws apply 
to all liquids, provided the head is measured in feet of the 
li'iuid ileelf. If a liquid of density G„ lbs. per cubic foot 
isHues under a pressure p lbs. per square foot the correspond- 
ing head is ^j/G.. Thus if mercury weighs 711 Iba. per cubic 
foot, a pressure of 50 lbs. per square inch, or 7200 lbs. 
prr square foot, corresponds to a head of 7200/711 = 10"12 
feet of mercury, and under this pressure the velocity of issue 
an orifice would beV(64-4 x 10-12)= ^(650-4) = 25-5 
per second nearly. From a few experiments by Weisbach, 
coefficients of velocity and contraction for mercury are not 
very different from those for water. 

Hamilton Smith, with a circular orifice 0'02 feet diameter. 
found for mercury c = 062 for a head of 0-5 feet; 0-607 for 
a lieod of 1 foot ; 0-595 for a head of 3 feet. For lubricating 
oil, with the same orifice, c = 0-75 for a head of 0"5 feet; 0'735 
for a head of 1 foot ; 072 for a head of 3 feet. 

48. Imperfect contraction.^ If the sides of the channel 
inding the stream approaching the orifice are near the edges 
the orifice thoy interfere with the convergence of the 
lentary streams which causes the contraction. Roughly. 



Ket] 



78 



HYDRAULICS 



it may be said that the influence of the lateral boundaries is 
sensible if their distance from the edge of the orifice is less 
than 2^ times the corresponding width of the orifice. If a 
oirctdar orifice of area m is at the end of a cylindrical pipe of 
area il, then the coeflicient of discharge c' to be need in eq. 
(10) is greater than the coefficient c for the ordinary case in 
which the contraction is perioct in about the following ratio :-^— 



1-000 
1014 

i-osg 



FartiaUy Eappreased contraction. — If an orifice has 
round part of its edge a rim, or 
if over part of the edge the 
orifice touches lateral bound- 
aries, the oonvergence of the 
streams at that part is pre- 
vented and the coefficient of 
contraction increased (F^. 55). 
If n is the length of the rim 
measured round the edge of the 
orifice, and p the whole periphery, 
then the coefficients of contraction 
are as follow : — 




Fig. 65. 



0'25 
050 
0-76 



Circular Orilices. 


RecUDgoUr Crisis 


0-640 
0-660 
0-680 


0-643 
0-667 
0-691 



But! there are few experiments on this point, and the values 
given can only he taken as a general guide. 

49. Invenion of the jet. — When an orifice in a vertical wall 
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baa dimensious not snmll compared with the head, the jet after 

leaving the orifice passes through remarkable changes of cross 

section. These were first investigated by Bidone (G. Bidone, 

Jlxpiritnces sur la/orinf des veines, Turin, 1829) and Magnus, 

and latei' by Rayleigh (Pfoc. Jtoy. Soc. xxvk. '/I)- Messrs. 

Strickland and Fanner have also made careful observationB in 
^MiB laix)rutory at Montreal (7'rans. R .S'. Canada, 1898). 
^■Hbe jeC born a square orifice (Fig. 56] 
^^■mverges to the vena coiitracta. where «***«j p^m*" I i 
^"the section is approximately octagonaL / 1 \ I 1 

Beyond this point sheets spread out 

peri>undiculiii to the sides of the orifice. 

The spreading of these sheets reaches 

a limit in consequence of the action of 

the surface teaeion, which then gradu- 
ally utoses the sheets to subside into 

the central portion of the jet. The 

distance from the contracted section 

to thia point, which may be considered 

a wave-length, depends on the head. 

Beyond this point a second set of 

aheete is squeezed out, but in directions 

bisectiug the angles between the first 

I">iMit, and these are subjected to *-' 
sheets. 
; 
< 




same action as the 
Similarly a third or fourth set of sheets may 
developed till the jet breaks up into spray. The explana- 
in of these changes of form given by Messis, Strickland and 
fanner is that they are due to the lateral motion of the 
tnents converging towards the orifice. Hence any filament 
Ecept the central one has a transverse component of velocity 
'bicb causes it to press on and displace neighbouriug filaments. 
It ifl also true that filaments issuing at different heights from 
the orifice when vertical have different horizontal velocities 
aitd tend to de8ci'il>e parabolic paths of different range, and 
thiE must cause miituiil pressure. 

50. Mimmnm coefficient of contraction. — In one special 

the coefficient of contraction can be determined rationally. 

Fig. 5 7 represent a vessel with vertical sides, 00 

ig the free surface level. The liquid is discharged by a 

■enlmat mouthpiece with thin edges. The jet is formed by 
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filaments converging all round through angles of 180° with 
the axis of the jet, and as this is the greatest possible 
convergence, the contraction will be greatest and the co- 
efficient of contraction a minimum. Let 11 be the area of 
the mouthpiece AB, q> that of the contracted jet oo. Suppose 
that in a short time t, the mass OOaa comes to 0'0'Ja', 

The impulse of the ex- 
ternal forces estimated 
horizontally will be 
equal to the horizontal 
momentimi produced 
(§35). 

The pressure on OC 
will be balanced by that 
on OE, and so for other 
parts of the mass ex- 
cept EF and the surface 
AaaB of the jet. Let 
p^ be the atmospheric 
pressure and h the depth 
of the centre of EF firom 
00. The horizontal 
pressure exerted by the 
vessel on the water at EF is (p^ + GA)fl. The horizontal 
pressure of the atmosphere on the surface AoaB, which 
is the pressure on its vertical projection, is p^fl. Hence 
the resultant pressure acting horizontally is (p„ + GA)fl — 
^on = GAfl. Since the motion is steady there is no 
change of horizontal momentum in the time t between 00 
and aa. The momentum generated is the momentum 
of aaa'a!. If v is the velocity of the jet, the volume aaa'a' 
discharged in the time t is tovt. Its mass is (Q(Kfvt)/g and 
its momentum (Go}vH)/g, Equating impulse and change of 
momentum (§ 35), 

9 




^xyxxx/yyvxxx/xxxxxxxx/yx^x.^x^y 



Fig. 67. 



But neglecting the very small resistances. 




Borda found by experiment c, = '5 149 ; Bidone, 
c^ = 0'55i7 ', and Weiabach, c„ = *5324, results which do not 
differ greatly from the theoretical value The thickness of 
the edge of the mouthpiece aflects the results. The reaction 
of the jet on the vessel ia the pressure Ghil. In the case of a 
eimple orifice the velocity of the converging filameotB in 
contact with the vessel in the neighbourhood of C and D 
reduces the pressure there, and hence the pressure on OE is 
not balanced by that on OC, and the reaction is greater than 
GUil. It is easily seen to follow from the equation that the 
contraction is less, but the exact amount is not calculable. 

51. Application of the principle of BemoaUi to the 
ducharge from orifices. — A jet is composed of elementary 
streams, each of which starts 
into motion at some point in the 
reservoir where the velocity is 
zero, and gradually acquires the 
velocity of the jet. Let Mm 
{Fig, 58) be such an elementary 
stream, M being a point where 
the velocity is insensibly small, 
and m a point in the contracted 
section of the jet where the 
Blamenla have become parallel 
and exercise uniform mutual 
pressure. Take the free surface 
AB for datum line, and let p^, v^, Ap be the pressure, velocity. 




lUff/fJfflfff/Jff'. 



Fig. 58. 



and depth below datum at M ; 
quantities at m. Then 



, A, the corresponding 



^^1 






It at M, since the velodty ia insensible, the pressure is 
the hydrostatic pressure due to the depth; that, is u, = 0, 
jj, =p, + GA,. At m, p=pa' ^^^ atmospheric pressure round 
tbt jot. Hence, iuaertiiig these values, 
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^^t^*^-*^=S^s-^> 



=h 



^9 



(U); 



or 



t;= ^/2^=8025s/A . (Ua). 



That is, neglecting the viscosity of the fluid, the velocity 
of filaments at the contracted section of the jet is simply the 
velocity due to the difierence of level of the &ee surfeu^ in the 

reservoir and the orifice. If 
the orifice is small in dimen- 
sions compared with h, the 
filaments will all have nearly 
the same velocity, and if h 
is measured to the centre of 
the orifice, the equation above 
gives the mean velocity of 
the jet. 

Case of a submerfifed 
orifice. — Let the orifice dis- 
chai^e below the level of the tail water (Fig. 59). Then at 
M, Vi = 0, pi = GAi +Pa ; at m, p = GAg +Pa' 




'^^^^^^^^^^^^A 



Fig. 69. 



«2 



Vi 



+ K + ^-h, = ^ + h,-h,+^; 



r 



2^ 



G 



^9 



= h^-h^ = h (15), 



where h is the difference of 
level of the head and tail 
water, and may be termed the 
effective head producing flow. 

Case where the press- 
ures are different on the 
flree surface and at the 
orifice. — Let the fluid flow 
from a vessel in which the 
pressure is Pq into a vessel 
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Pig. 60. 



in which the pressure is p 
(Fig. 60). Let \ be the height from the centre of the 
orifice to the firee surfiswe in the first vessel The pressure p^ 
will produce the same effect as a layer of fluid of thickness 
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^, added to the head water ; and the pressure p will produce 

the same effect as a layer of thickness ^ added to the tail 

wat«r. Hence the effective difference of level, or effective head 
pTDdncing flow, will be 

/. = /, +Po-f.- 



I 



id the velocity of discharge will be 



'-JM^ 






(16). 



'fi nifty express this result by saying that differences of pres- 
sure St the free surface and at the orifice are to be reckoned 
as port of the effective bead. 

Hence in all cases thus far treated the velocity of the jet 
is the velocity due to the effective head, and the discharge, 
allowing for contraction of the jet, is 



io,^/2ffk 



(H). 



where m is the area of the orifice, eta the area of the contracted 

section of the jet. and h the effective head measured to the 

c«ntre of the orifice. If h and w are taken in feet, Q is in 

cubic feet per second. 

52. Discharge from a fire nozzle. — Mr. John R 

Freeman hiis made very accurate teats of the discharge from 

the nozzles used witii 

hose in delivering water m rt-e^onieler orijhc. 

in streams ut fires. He 

has found the coeffi- 
cients for such nozzles 

so constant that he 

BOggests their use in 
' measuring the dis- 
I diarg« of pumps and 
'i in aimilar cases (7Va»ig. 

Am. Soe. of Civil 

KiiffiiKeri, 1891). Fig. 61 shows the arrangement adopted. 

Por three nozzles tjied the coefficient of discharge was 0995, 
kiih heads of 12 to 120 feet. The head was con-ected for 
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velocity of approach, but the correction was very smsdl except 
for low heads. The nozzles n were 1|^ to 2^ inches 
diameter. They were smoothly tapering, with sides converging 
at 5 to 7^ degrees to the axis, and polished for 3 or 4 
diameters back firom the outlet. The pressure in the supply 
chamber was taken at a piezometer orifice made carefully 
flush with the inside of chamber. With the tin cone removed 
and a square comer to the brass flange in which the nozzle 
was screwed, coefficients of 0*985 to 0*990 were obtained. 

53. Flow firom a vessel when the effective head 
varies with the time. — Various useful problems arise relating 
to the time of emptying and filling vessels, reservoirs, lock 
chambers, etc., where the flow is dependent on a head which 
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Fig. 62. 



increases or diminishes during the operation. The simplest 
of these problems is the case of filling or emptying a vessel 
of constant horizontal section, such as a river lock. Suppose 
the lock chamber, which has a water surface of 11 square feet, 
is emptied through a sluice in the tail gates, of area a>, placed 
below the tail-water level. Then the effective head producing 
flow through the sluice is the difference of level in the 
lock chamber and tail bay. Let H (Fig. 62) be the initial 
difierence of level, h the diflerence of level after t seconds. 
Let — dA be the fall of level in the chamber during an interval 
dt. Then in the time dt the volume in the chamber is altered 
by the amount — Sldh, and the outflow from the sluice in the 

same time is c&^2ghdt Hence the differential equation 
connecting h and t is 

Cia^2gh dt -¥ Qh = 0. 
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For the time t during which the initial head H diminiahes 
to aoj other value h, 



L 



(-" rfft /' 



^ 2 (VH - ^/A) 



= _?/ /2H_ /s; 



For the whole time of empt^dug, during which h diminishea 
from H to 0, 



a /2H 



(18). 



caparing this with the equation for flow under a constant 
, it wilt be seen that the time is double that required for 

i discharge of an equal volume mider a constant head H, 
The time of filling the lock through a sluice in the head 




gat«3 is exactly the same if the aluice is below the tail-water 
level. But if the sluice ia above the tail-water level, then 
the head is conataut till the level of the aluice is reached, and 
alterwards it diminishea with the time. 

54. Cylindrical moQtlipiece. — "When water ia discharged 

[DUgii a Hhort cylindrical mouthpiece, the axi.s of which ia 

rinal to the side of the reservoir (Fig. 63) and its length 

I 3 times ita diameter, there ia an internal contraction 
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at EF due to the convergence of the streams at the inlet, but 
the jet then expands to fill the mouthpiece and issues full 
bore. Let 11 be the cross section OH of the mouthpiece and 
ck> the cross section EF of the interior contraction. Then 
a>/Xl = C0 is the coefficient of contraction. Let p and v be 
the pressure and velocity at 6H ; pi, %, the pressure and 
velocity at EF ; Q, the discharge per second. Then 

Q = car 2 = tlv 

Let h be the head over the axis of the jet, and c the co- 
efficient of discharge of the mouthpiece, which, as there is no 
external contraction, is also the coefficient of velocity. Then 

v=^cj2gh .... (19). 

Between EF and GH there ia the loss of head (t?i — vy/2ff 
due to the change of velocity firom Vi to v (§ 37), and a Mc- 
tional loss c^v^/2g which is negligible for very short mouth- 
pieces. Hence the total head at 6H is less than that at EF 
by these losses. 

^ P %^ Py f(^i-t')*^ ^ 






2<^ G 2gG, \ 2g 
But i>, = vje^ and v = c ^{2gh), 



(20). 



Suppose a small vertical pipe dipping into a reservoir at a 
lower level (Fig. 64) introduced into the mouthpiece at the 
internal contraction. The pressure p acts on the free surface 
of the lower reservoir as well as at the outlet of the mouth- 
piece, and p^ is the pressure inside the mouthpiece. Hence 
the water will rise in the tube to a height KL = A' = (p—Pi)/G. 
If h' is greater than the distance X between the axis of 
the jet and the surface of the lower reservoir, the water will 
be continuously pumped up from the lower reservoir and 
discharged at the level of the mouthpiece. This arrangement 
is a jet pump in its crudest form, in which one body of water 
descending a distance h pumps up another body of water a 
height X. Putting for the moment c = 0*82, Cp = 0*64, and 
neglecting the small quantity c^, 

V = 0-75A^ 
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which is the greatest value of X at which pumping will occur. 
The values assumed will be seen presently to be about average 
values of the coefficient& 

In order that the continuity of the stream may not be 
broken, the lowest pressure must not be negative, that is, pi 




Fig. 64. 



must be greater than 0. Let the atmospheric pressure height 
pjG rs 33'9 feet of water. The condition of flow full bore is — 



|=J-*'=33.9-|2Q-l)-<v}^A>0 



A< 



33-9 



K"0-4'' 



(21). 



With the values of the coefficients assumed above, h must be 
less than 33*9/0*75 = 45 feet, or the jet will not discbarge 
full bore. 

Let e^ be the coefficient of velocity corresponding to the 
resistances between CD and EF (Fig. 63). Then 

and the head wasted between CD and EF (§ 36) is 
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There are therefore three losses of head between CD and 6H, 
two of which have ahreodj been given, and the efiTective bead 
producing the velocity v ib h less these three lossea 



=*-[C-^J-r'^*^K 



and patting v = c ^{2gh\ 

and the coefficient of discharge for the mouthpiece is- 

^= /fyTT^-4 1 • • (22). 




1 \^ 2 „ 

— ) — + 2 + <v 

Taking c^ = 0*64, c^ = 0*97, and neglecting c^, 

c = 0-824. 

Weisbach made experiments on some cylindrical mouth- 
pieces of different diameters, and lengths about three diameters, 
and found the following values of c, which do not differ much 
from the value just calculated : — 

Diameter = 0032 0066 0-098 0131 feet. 
c= -843 -832 -821 '810 

The coefficient varies somewhat with the length of the mouth- 
piece. Its average value may be taken to be as follows : — 

Diameter 

c=0-88 0-82 0-77 

55. Oonvergent mouthpieces. — With these there is an 
external contraction at the outlet as well as the internal 
contraction. Two cases may be distinguished; the inner 
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(gle may be sharp as at A (Fig. 65), or well rounded as at B. 



^1 In the latter case the loss due to the internal coutraction Ib 
diminishecL The dischai^e is 

Q = c^^2^ = ea^/2gh . . (23), 

kiriiere fJ = 2<^ ^ the area at the external end. The length 
at the mouthpiece is about 3d. 

Angled 0° Sf llj' 224° 46' 90" 



Fig. 65. 



ctota 
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0-94 0-92 0-66 
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56. Divergent conoidal mouthpiece. — Suppose a mouth- 
piece with a convergent inlet and divergent outlet so designed 
that there is nowhere any 
ibrapt change of velocity in A fl p. 

itbe stream passing through 
it, as in Fig. 66. The inlet 
may be of the form of a 
contracted stream from a 
■harp-edged orifice, and the 
ivergent part should ex- 
id very gradually, hecom- 
Undrical at the end. 
1, V, p, be the area 
velocity, and pres- 
CD. and fl, Vi, pj, 
ttaaf quantities at EF, 
\ let the atmospheric pressure be pJG = 33-9 feet of water, and 
let A be Uie head over the mouthpiece. 
Tlien the velocity at EF is 
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©1 = Cp y/{2gh) 
and the effective head producing this velocity is 



(24), 



^9 



. (24a). 



So that the head wasted in Motion and eddies in the mouth- 

P^«* ^ (1 - <:,«)*. 

This wasted head may be taken to consist of two parts : 2^ 
wasted in the converging, and z^ wasted in the diverging part 
of the mouthpiece. Then if atmospheric pressure is taken 

into the reckoning the total head at CD is h +^ — z^, and 

that at EF is h +^ - ^i - «2- Consequently if pJG = 33-9, 






G 



. (246). 



z^ + 33-9, 



or if the jet discharges into the atmosphere pi = p^ and 



t;2 



Then the discharge is 

Q = i2t;i = n ^{2g{h -z^-z^} . (25), 

which is independent of the area at the throat CD. But 

there is one obvious 
limit to this. As the 
velocity is greater at 
CD than EF the pres- 
sure must be less, that 




is, less than atmo- 
spheric pressure. K 
the ratio of the sec- 
tions p = n/(o is great 
enough p becomes zero 
Fig. 67. or negative, and flow 

full bore is impossible. 

The stream breaks away from the mouthpiece as in Fig. 67. 

But V = fiVi, and inserting this in eq. (246), 
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f 33-9, 



-J 



r* - 3, H 



(26). 



k 

^^ From e^iperiments on bellmouths, z, may be taken as about 
O'OSA. The value of z.^ may be considerably greater. In 
an expanding stream there is great instability and tendency 
to bieak up into eddiea, which waste energy. If the mouth- 
piece is short, the atreaui breaks into eddies ; if long, the 
friction of the surface gives rise to eddies. The following 
short table la calculated for the limiting cases 2^, = and 
«, = 0-9A. 

LmiTiNQ Values of p 
h = 1 5 10 20 50 

WTien(., = 6'06 2'83 2-13 I'fif! 1-30 

WTienaj = 0-9/. 26-4 Sfl 4-5 2-8 1-7 

Venturi experimented on a mouthpiece of this kind, and 

concluded that the discbarge would be a maximum when the 

diverging part was of a length equal to nine times its least 

imeter and the angle of the cone a little more than 5°. 

icis {Lowtll Hydraulic Experivienls) obtained results with 

similar mouthpiece. 

The diameter at CD was 0-102 feet ; at EF, 0-321 feet ; 
p = 9'9 ; the length of the diverging cone 4 feet ; the mouth- 
piece was drowned, and the difference of level of head and tail 
water was from O'l to 1-4 feet. Tlie mean coefficient of 
velocity (or discharge) was c,= 0'23, so that from eq. (24o) 
(he effective head was 0-23'''/t = -053A. Consequently -947^ 
the head wasted during the passage of the water through 
mouthpiece. This corresponds to the total head lost 
iween inlet and outlet of a Venturi meter, /(■ being the 
ight due to velocity at inlet or outlet. 

57. Influence of temperature on the flow f^m oriflceB. 
Exjicrimenta were made by the author {Phil. Maij., Is78) 
itb a conoidal mouthpii'cp 0-394 inches diameter, a head of 
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1 to 1|- foot. Neglecting the expansion of the reservoir and 
orifice, the coefi&cient 



Temperature F. 


Value of c 


190 


0-9871 


130 


0-9740 


60 


0-9418 



With a sharp-edged orifice also 0*394 inches diameter and 
the same heads, and also neglecting any correction for expan- 
sion of the reservoir and orifice- 



Temperature F. 


Value of c 


205 


-5936 


140 


-5964 


62 


-5980 



The results show that the influence of temperature is very 
small. The correction for expansion of the reservoir and 
orifice would be very small. 

Mr. Mair repeated these experiments on a much larger 
scale. With a conoidal orifice 1^ inch in diameter and a head 
of 1*75 feet, the following values were obtained: — 



Temperature F. 


Value of c. 


170 


0-981 


110 


0-967 


55 


0-961 



With a sharp-edged orifice 2^ inches diameter and 1*75 
feet head, the following were the results : — 



Temperature F. 


Value of c. 


179 


0-607 


no 


0-604 


67 


0-604 



In the case of the conoidal orifice the increase of tempera- 
ture appears to reduce sensibly the frictional loss. In the 
case of the sharp-edged orifice the influence of temperature is 
very small. 

Problems 

1. The pressure in the pump cylinder of a fire-engine is 14,400 lbs. 
per square foot ; assuming the resistances of the valves, hose, 
and nozzle are such that the coefficient of resistance is 0-7, find 
the velocity of discharge. 93-5 feet per second. 
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3. The preeenre in the hoee of a lire-engine ia 1 3,000 Um. poi' aijuare 
foot ; the jet rises to a height of 1 50 feet. Find the toeffittientfl 
of velocity and reeistance. 0'849 and 1'39, 

3. A horizont&l jet ieaues under a lieAd of fi feet At 6 feet from the 

orifice it has fallen vertically 15 inches, Find the coefficient 
of velocity. 0-89. 

4. Required the coefficient of resistance corresponding to a coefficient 

of velocity = 0'96. State what percentage of the energy due 
to the hrad U wasted. 0'085. 7-8 per cent. 

5. A fluid of one-quarter the density of water ia discharged from a 

vemel, in which the pressure b 60 lbs. per square inch (absolute), 
into the atmosphere, where the preseure is 16 Ihe. per square 
inch. Find the velocity due to the head. 1 63*5 ft. per second. 

6. Find the diftmel«r of a circular oriflce to discharge 2000 cubic 

feet per hour under a. head of B feet Coefficient 0-62. 

3 03 inches. 

7. A cylindrical ciatem contains water 16 feet deep, and ts 1 square 

foot in cross section. On opening an orifice of 1 square inch 
in the bottom, the water-level fell 7 feet in one minute. Find 
the coefficient of discharge. 0'598. 

8. A miner's inch is defined to be the discharge through au orifice in 

a vertical plane of 1 square inch area, under an average head 
of 6j inches. Find the supply of water per hour in gallons. 
Coeffidect 0-62. 671. 

9. A vessel fitted with a piston of 10 square feet area dischargee 

water under a head of 9 feet- What weight placed on the 
piston would double the rate of discharge ? 270 lbs. 

10. Bequired the discharge from a thin-edged vertical sluice opening 

3 feet wide and 1 foot deep. Depth of water to lower edge of 
orifice = 7 feet, coefficient of discharge = 062. 

50-7 cubic feet per second. 

11. The discharge from an orifice 10 feet below the water sur&ce ia 

18 cubic feet per minute. What will be the discharge when 
the head is 25 feet 1 28-45 cubic feet per minate. 

13. Show that about ^'^ of the energy due to the head is wasted at a 
cylindrical mouthpiece. Coefficient 0'83. 

The loss is 31 per cent. 

13. A jet has a diameter of 3 inches when issuing vertically under a 

head of 9 feet. Find its diameter at 6 feet above the orifice. 

3-9(5 inches. 

14. What must be the size of a sluice in a lock gal« to empty the lock 

in ten minutes 1 Area of water-surface of lock 16 feet by 
100 feet. Lift 6 feet The sluice is below the tail water, and 
the coefficient of discharge is O'TG. 2-03 square feet 

16. A vessel is of such a form that its horizontal area ia A -)- Bx -t- Cx^ 
at X feet above the bottom. Show thai if there are h feet 
initially in the vessel, and it empties through au orifice of area 
IP, the time of emptying is given by the equation 



T=f- 2A + ;U/i + 



')v2tf- 



94 



HYDKAULICS 



CHAP. IV 



16. Goal gu wcJgbB (H)4 Ibi. per cubic foot Treating it as a liquid, 

find the Telodtj of diachaige from an orifice due to a pleasure 
of 1 inch of water. Coefficient of velocity 0*96. 

87-8 feet per second. 

17. A tank 1000 square leet in area discharges through an orifice 

1 square fout in area. Calculate the time required to lower 
the level in the tank from 60 feet to 26 feet above the orifice. 
Coefficient 0*6. 2691 seconds. 

18. A vertical-aided lock is 60 feet long and 16 feet wide. Lift 

16 feet Find the area of a sluice below tail water to empty 
the lock in ten minutes. Coefficient 0*6. 2*896 square feet 

19. A Spaniah module has an orifice 18 inches in diameter, and the 

head in the upper chamber varies from 1*6 to 4 feet Design 
the plug BO that the dischaige shall be 7 cubic feet per second. 



CHAPTEE V 



NOTCHES AND WEIRS 



58. Large vertical rectangular orifices. — When the head 
oyer the top edge of the orifice is less than half the 
height of the orifice, the variation of head has an influence 
too great to be neglected (§ 37). If, as in most cases, there is 
contraction of the jet the theory of flow presents some difficulty. 
In the plane of the orifice the issuing streams are not normal 



h h 






.t V 



v?^J^J/^^??/////J/> 




Fig. 68. 



to the plaixe or parallel to each other. At the contracted 
section the streams are parallel and normal to the section, but 
the dimensions of the section cannot in general be directly 
observed. However, let the contracted section, which in the 
case of a rectangular orifice must itself be very approximately 
rectangular, be considered. Let \, \ be the heads over its 
top and bottom edges and h its width. Consider a lamina 

96 
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between the levels h and h + dh. Its cross section is hdh, and 
neglecting small resistances its velocity is ^{2gh), and its 
discharge l^{2gh)dh. Hence the whole discharge of the 
orifice is 




-\hy/mhyh^} . . . (1), 

where the numerical factor on the right is a coefficient 
depending only on the form of the contracted cross section. 
Now let H], H2 be the heads at top and bottom edges, and B 
the width of the orifice itself. Let 

B(H,* - H,*) 

Then the discharge, in terms of the dimensions of the 
orifice, is 

Q = |CB>/2^{H3^-H,*} . . . (2), 

which is commonly given as the theoretical formula for 
vertical rectangular orifices, and C is often stated to be the 
coefficient of contraction. But C is clearly not the coefficient 
of contraction, the value of which must be 

B(H, - Hi)- 

Equation (2) is only rational if C is understood to be a 
coefficient the value of which will vary with the proportions 
of the orifice, and experiment shows this to be the case. 

59. Notches or weirs. — A practically very important 
case is that in which Hi = and the jet is discharged from 
an open notch or orifice extending up to the free surface. 
Weirs in rivers are cribwork or masonry constructions, 
primarily intended to raise the surface-level of the river up- 
stream, while permitting the passage of floods. Notches for 
measuring purposes are weirs fitted with a plate in which an 
open notch is formed through which the water passes. The 
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Tiot«b is usually rectangular, but sonietiinea triangular or 
trapezoidal. Aa the water surface falls when approaching 
the notch, the head h over the bottom of the notch, or over 
the crest of the weir, should be measured eoiae distance back 
from the weir beyond the origin of the surface curve. 
The jet or etream passing over a weir may be termed the 
iveir sheet. For an ordinary sharp-edged weir or notch the 
-beet is of the form shown in Fig. 69, A, B. The weir sheet 
1 ontracts at the two ends and at its top and bottom surfaces. 
If the length b of the weir is equal to the width of the 
channel of approach there are no end contractions, and the 
weir is termed a weir with suppressed end contractions. If 
the tail-water level is above the crest of the weir it is termed 
a drowned weir. If the crest of the weir is broad or rounded, 




or if the upstream or downstream faces of the weir are 
sloped, the phenomena of discharge are complex, the water 
sheet in some cases springing clear, and in some coses 
adhering to the weir (Fig. 69, C). 

The equation of discharge for rectangular weirs is found 
Ijy putting H, = in eq. (2). Also let A be the head above 
llie crest and / the length of the notch or weir. Then 

Q=W(23A)1 



= 5-35c/a' j 

whore e is a coefficient of discharge, which varies considerably 
in differuDt cases. This Is the formula which has been most 
gvoerully used in computing weir discharge, and it is trust- 
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worthy for practical purposes if the value of c is selected 
from observations in similar conditiona The following small 
tables give values selected fix)m those obtained by Hamilton 
Smith from plottings of various experiments by Francis, 
Fteley and Steams, Lesbros, and others. It will be seen that 
c varies more for weirs with end contractions than for weirs 
with no end contractiona 

COEinOISNTS OF DiSOHABOB FOB WbIBS WITH COMPLETE 
Ck)NTBAOTION (HAMILTON SmITH) 



Head on 

Weir Crest 

in Feet 


Valaes of e 


when the Length of the Weir 


is in Feet 




1 
•626 


2 


3 


5 


7 


10 


19 


016 


•634 


•638 


•640 


•640 


•641 


•642 


0-2 


•618 


•626 


•630 


•631 


•632 


•633 


•634 


03 


•608 


•616 


•619 


•621 


•623 


•624 


•626 


06 


•696 


•606 


•608 


•611 


•613 


•616 


•617 


0-7 


•690 


•698 


•603 


•606 


•609 


•612 


•614 


10 


• • • 


•690 


•695 


•601 


•604 


•608 


•611 


1-5 


• « • 


• • • 


•585 


•692 


•696 


•601 


•608 



Coefficients of Disohaboe fob Weibs with Suppbessed End 

Contbactions (Hamilton Smith) 



Head on 

Weir Crest 

in Feet 

015 

0-2 

03 

0-5 

07 

10 

16 


Values of c when the length of the Weir is in Feet 


8 


5 


7 


10 


15 


19 


•649 
•642 
•636 
633 
•635 
•641 

• • • 


•645 
•638 
•631 
•627 
•628 
633 
•641 


•645 
•637 
•629 
•624 
•624 
•628 
•636 


•644 
•627 
•628 
•621 
•620 
•624 
•630 


•644 
•636 
•627 
•620 
•619 
•621 
•625 


•643 
•635 
•626 
•619 
•618 
•619 
•622 



60. Velocity of Approach. — So far it has been assumed 
that the stream approaching the weir was of large section 
compared with the jet over the weir, and that the head h was 
measured where the water was nearly still. In many cases 
the weir is at the end of a channel of limited section, and 
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■■A'.^''. b^ measored where the water has a velocity 

'jUgibleL In that cue the obeenred bead 

' 1 for velocity ot ^proacb befoce osing it in 

Let Fig. 7u repreeent a vertical rectangular orifice at the 
end of a cbaDnel in which the velocity of approach is u. Let 




ibe the width of orifice, and A, A, be the beads over the top 
and bottom edges of the orifice measured at a point in the 
chanael where the mean velocity is «. It is obvious that 
somewhere upstream there must have been a fall of &ee 
surface 



iu producing the velocity u. Hence the true heads over the 
edgfia of the orifice, reckoned from still water level, are 
b + ft *'*^ Aa H- b- Putting these values in eq. (2), 

, the case of a notch or weir of length I, A, = 0, and 
my be written k, 



Q = 3./ s/2s{(A + !))»-!,*} 



(6), 



ioh is the equation most generally used for weirs when 
city of approach must be allowed for. It is not from the 
»oretical point of view entirely satisfactory, because iu the 
ition where h is measured the velocity varies, and it is 
jertain in what proportion different portions of the stream 
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go to make op the jet over the weir. It is probable that () 
abould be a£Gected hj an empirical coefSdent a to allow for 
this. In moat caaes f) is small compared with h, and the 
last tenn in the bracket is very smalL Hence for simplicity 
some writers take 



Q = |c«v/2^{(A + a||)*} 



(6). 



which is easier to compate. It appears that a = about 1*5. 
An analysis of Francis and Fteley and Steams' experiments 
led Hamilton Smith to the conclusion that a should be taken 
1*33 for weirs with no end contractions, and 1*4 for weirs 
with end contractiona It will be seen later that new experi- 
ments by Bazin have led to a better method of dealing with 
Telocity of approach. The following table will give an idea 
of the importance of velocity of approach in weir calcula- 



tions :- 



Values of |> 



Velocity of 
Approach 



Feet per 
second. 

0-2 

03 

0-4 

0-5 

0*6 

0-7 

0-75 



^ 



,1 tt» 


, .««* 


1=:^ 


l*4:r- 


8 2y 


^ 



Velocity of 
Approach 



Feet 

•0006 
•0014 
•0026 
•0039 
•0056 
•0076 
•0087 



Feet 


Feet 


•0008 


•0009 


•0019 


•0020 


•0033 


•0036 


•0052 


•0054 


•0075 


•0078 


•0102 


•0107 


•0117 


•0122 



Feet per 
second. 

08 

0-85 

0-9 

0-96 

1^0 

1-2 

1-5 



^ 



Feet 

•0099 
•0112 
•0126 
•0140 
•0156 
•0224 
•0350 



li^' 
3 2^ 



Feet 



u' 



^9 



Feet. 



•0133 


•0139 


•0150 


•0157 


0168 


•0176 


•0187 


•0196 


•0207 


•0218 


•0298 


•0313 


•0466 


•0489 



When the velocity of approach u is directly measured by a 
current meter, for instance, eq. (5) or (6) presents no difficulty. 
More commonly only the cross section II of the channel of 
approach is known. Then if Q is the discharge over the 
weir, 



!j = 



Q^ 



2gn'^ 



If this value is introduced in eq. (5) or (6) it is very cumbrous. 
It IB better to proceed by approximation. Let Q' be the 
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icharge if the velocity of approach is neglected, that 
is, by eq. (3). Then «' = Q'jil is an approximate value of 
M, and Jj' = u''/2t/ is an approximate value of J- Putting 
Has in eq. (5) or (6) a second approximation Q" to Q is ob- 
tained. A third approximation can be found, but this is 
rarely necessary. 

61. Partially submerged oriflces. Drowned weirs. — 

Tien the tail-water level is above the lower and below the 
>er edge of the _ 

ifictt, it divides 

e orifice into two 

trte in which the 

mditions of flow 
are different. Let 
Fig. 71 tepreeent 
such an orifice, 
where A,, k.,, h are 
the depths below 
the free surface of 
the upper and lower 
edges of the orifice 
and the tail water, and h is the width of the orifice. An 
elementary stream Mim, issuing above the tail-water level 
has the head h', which for different parts of the orifice varies 
hitf> h. An elementary stream M^m^ issuing below the 







l-water level has a head k" — lt!" 



which is the i 
for all parts below the 
tail-water leveL If Q, 
Q„ are the discharges of 
the upper and lower 
parts of the orifice, 



■^y777777^777777 






f 

H Fig. 72. 

^V The important case 

18 that of a drowned weir, in which the tail-water level 

iB above the weir crest (Fig. 72). Then A, = 0, and the 
di«:l)aige is 
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where b is the length of the weir, Aj ^^^ head over the weir 
measured upstream, and h the difference of level of head and 
tail water. From some experiments by Fteley and Steams 
{Trans. Am, Soc. of CivU JEngineers, 1883) the following 
values of c are calculated : — 



d 


h 


c 


01 


0-9 


•629 


0-2 


0-8 


•614 


0-3 


0-7 


•600 


0-4 


0-6 


•690 


0-6 


0-6 


•582 


0-6 


0-4 


•578 


0-7 


0-3 


•578 


0-8 


0-2 


•583 


0-9 


01 


•696 


0-96 


0-06 


•607 


10 





•628 



The weir was sharp edged, 5 feet in length, with end 
contractions suppressed. The weir crest was 3' 2 feet above 
the bottom of the channel ; Ag varied from 0*3 to 0'8 feet. 

62. Broad-crested weirs. — Broad-crested weirs are un- 
suitable for water measurement, but it is sometimes necessary 
to estimate the flow at such weirs. The following is a theory 
of the flow over broad-crested weirs, which is interesting. 




/ /////y//////y///y////. 



Fig. 73. 



Let Fig. 73 represent a weir with a crest of width d such 
that the stream over it consists of rectilinear and parallel 
elementary streams Let the upstream edge be rounded so 
that there is no contraction there. Consider an elementary 
stream aa', the point a being so far firom the weir that the 
velocity at that point is negligible. Let 00 be the free 
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rface, and let a be h" below 00 and h' above a'. Lot a' be 

: below the free surface at that point. Let A be the head on 

the weir crest, and e the thickness of the stream on the crest. 

^^Die pressure at a is Gk", and at a' is Ge. If v ia the velocity 

t 



2j 
I if 6 is the length of the weir, 

Q = S«^(2j(*-«)) 



(8)- 



Now Q = for e i= and for e = A. The discharge will be a 
laximam for a value of e found by putting dQ/de = 0, This 
^/i. Inserting this value. 






Q = 0-385M v'CV) 



(9). 



Thia is equivalent to taking c = 0'577 in the ordinary 
weir formula eq. (3). Experiment shows that the discharge 
of broad-crested weirs approaches and even falls below this 
value if rf is large. The formula is also applicable to lai^ 
masonry sluice passages with flat floors, over which the water 
posses with a free surface. With h>X't>d the attachment 
of the stream to the weir crest is unstable, and with k>1d 
the stream springs clear from the upstream edge, and the 
conditions approximate to those of a sharp-edged weir. 

From various experiments the following values are derived. 
If A is the head at the weir, d the width of crest, and c the 
coefficient for a sharp-edged weir in the same conditions, 
then the coefBcient of discharge in the fonmila 

Q=SCiAv/V' ■ ■ {9a) 

foay be taken as follows : — 

A/(I = 0-25 0-50 0-75 100 1-25 ISO 

C/^ = 0-75 0-78 O-B'l 0-86 0'90 0-93 

If e = 0-63, C = 0'47 0'50 0-52 0-54 0-57 0-59 

The value r= 0-63 is a mean value for weirs with no end con- 



The following table gives results i 
ickwell : — 



experiments by Mr. 
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63. Bafter'a experiments on broad-created weira. — 
These experimentB were made in 1898 at the Cornell Hydraulic 
Laboratorj {Tram. Am. Soc. of Civil Engineers, 1900). The 



Fig. 74. 

height of the weirs varied from 4^ Co 5 feet, aud the length 
of treat was 8-58 feet. The forms used ore shown in Fig. 74. 
In the form d the upstream edge waa rounded to a radiue 
of 4 inchea 





"ssr 


WWtl. 
ofCrort, 

Fret. 




VJuMofCforA= 1 


Vdr. 


O'S 


l^O 


1-6 


2-0 


B-0 


a 
* 


1 to2 
1 to 2 
I toB 
1 to 4 
1 to3 
1 to2 
I toS 
I to 2 
Vert. 


0-33 

0'66 
0-66 
0-66 
086 
OO 
066 
033 
2-62 
6S6 
2-62 
6-56 


Vert 

1 to 1 
1 to 2 
1 to G 

Vert. 


■626 

■602 
■619 

■681 

■786 
-566 
■616 
■486 
■467 
■663 
■BOB 


■687 
•642 
•622 
■642 
■713 
■792 
■638 
-666 
■498 
■486 
■562 
'G28 


■713 
■670 
■624 
•646 
•715 
•763 
■644 
■672 
■513 
■474 
■566 
■630 


■704 
•683 
•625 
■650 
■698 
■741 
■674 
■655 
■530 
■463 
■575 
-530 


-692 
■692 
■683 
■650 
663 
■687 
■679 
■666 
■633 
■504 
■647 
■549 



64. Triangfolar notches. — The triangular notch (Fig. 7S) 
has this peculiar- 
ity, that whatever 
the level in the 
notcli, the section 
of the stream is 
similar, that is, its 
isear dimensions 
iSTe a fixed ratio. 

sider two tri- . 

lar notches of ^' ' ' 

.ngle. and in which the ratio of the linear dimenaiona 
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is 1 to n. The streams through the notches must be made 
up of similar and similarly situated elementary streams. 
Taking any pair of corresponding elementary streams, their 
cross sections must be as 1 to 7l^ their depths below the &ee 
surface as 1 to n, and their velocities as 1 to fjn. Con- 
sequently the discharge of these two streams must be in the 

ratio 1 to n\ As this holds for all pairs of similarly situated 
elementfiuy streams, the total discharge of the notches must 

be in the ratio 1 to n . But in any one notch, for two 
different levels of the water the same must hold, and if 
Ai, Aj are the heads measured to the vertex of the notch 

the discharges must be in the ratio (hi/h^) . Hence, generally, 
if A is the head at any time the discharge is 

and this equation has a more rational basis than the ordinary 
formula given above for rectangular weirs. It is easy to see 
that as the surface width / varies directly as h, the equation 
can be put in the form 

Q = ic^A X W{2gh), 

where c is a coefficient of contraction, ^Ih is the section of 
the contracted stream, and A; is a constant expressing the 
ratio of the mean velocity in the contracted stream to the 
velocity due to the head. The value of k must be about 8/15. 
Prof. James Thomson first indicated the probability that 
the coefficient for a triangular notch would be nearly constant. 
Writing the formula 

q = ^hs/{2gh) . . (10), 

he foimd that for a right-angled notch, sharp-edged, c = 0*617. 
For a right-angled notch / = 2h, and the formula becomes 

Q = 2-6a^ . (10a). 

The notch is convenient for measuring a very variable flow 
when the quantity is not very large. 

65. Rectangular notch with no end contractions. — 
The length of the notch or weir is equal to the distance 
between the walls of the channel of approach. It is desirable 
that the side walls should extend a little beyoiid the crest 
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of the notch above its level, but provision must be secured 
for the free accesa of air below tlie water atream paBsing over. 
Ab there are no end contractions, and the top and bottom 
contractions are the same for all vertical slices of the stream, 
the dtscbai^e must be accurately proportional to the length 
of the weir. 

Taking any one vertical slice of the stream of width 7A 
i.rid head h, its discharge must be, as in the case of the 
triangular notch, proportional to k , and as the stream, 
whatever the head, can be considered as made up of l/'yh such 
altced, the whole discharge must be 



I , 



which can be put in the form 

WkihtTe r and /c have the same meaning, as in the case of 
* 'ttte triangular notch, and k must he about 2/3. Then simply 

Q=§c/v/2^ft' . . . (11), 
I, where c may be expected to be constant for different values 

tk. 

The following are values of c deduced from some very 
Btworthy experiments on weirs with no end contractions. 
B valaes of /* have been corrected for velocity of approach, 
nt the correction in all cases was small 



LZMoaof 










^15S. « 


etdh. 


DtoohvgeQ. 


'■ 


Anlhoritj. 


6 


83 


isei 


6304 


Fteley and Steams 


" 


es 

47 


9-38 
6-37 


6276 -62B4 
6272 




„ 


22 


1-747 


6369 


„ 


„ 


10 


-GS6 


6862 


„ 


fl'MG 1 


0048 


83-49 


6222 


FranciB 


„ 


9634 


32-66 


6248 8239 


„ 


„ 


7079 


3379 


6246 


,j 


18-906 1 


6184 


13012 


6223 


Fteley and Steama 


^ 


9907 


6S'0a 


6195 -6201 


^, 


" 


4690 


SO'IB 


6186 


" 
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The coefficient increases with very small heads. Exclud- 
ing these cases, it will be seen that e is very nearly constant 

66. Sliarp-edged weir with end contraction. Francis's 
formula. — The influence of the ends in causing contraction 

extends only for 



^pi.^y- 



I 




Fig. 76. 



a certain distance, 
and in a long weir 
the discharge over 
the middle part is 
proportional to the 
length, as in a weir 
with no end con- 
tractions. Let I be 
the length of the 
part where the dis- 
charge is propor- 
tional to the length, and ^mA the length of the parts near the 
ends influenced by end contraction (Fig. 76). Then the whole 
length L = / -f mh. The two parts at the ends taken together 
form a weir of length mh, in which the linear dimensions are 
in fixed ratio. The discharge of this part must be given by a 
relation of the form 

as in the case of a triangular weir. The middle part is 
virtually a weir with no end contractions, and its discharge 
must be given by a relation of the form 

Qg = y(L - mh)h^. 
Hence the whole discharge is 

= y(L.3^V, 
which may also be written 



Q = lc^/(2g)(L - 2bh)0 . 



(12), 



in which c and b are constants. This is the rational basis of 
a formula for weirs, arrived at in a purely empirical way by 
Mr. Francis {Lowell Hydraulic Experiments, New York, 1868), 
which has proved of great service in practical calculations. 
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For sharp-edged weirs with full end contractions Mr. 
LDcia found for b the value O'l. The formula is not 
[ilicable to short weira in which L is less than 3h, nor to 

a in which h ia very email. 

Valdbb or e IK Fr&ncir's Fobmula 



h&:- 


A 


a 


= 




M 9-991 


1'5&98 


62 '60 


■601 2-| 




m 


1-0007 


32'58 


■6089 




I 


■8007 


23-43 


■6118 meaii 




H 


■6246 


16-a2 


■6146 -606 




Ks-tt99 


10202 


13-14 


■B964 




■ " 


■6830 


7-37 


-6027J 


" 



It will be seen that for n consideraMe range of conditions 
c is very constant in Francis's formula. 

67. Bazin's researches on weira. — Some very remark- 
able researches on How over various types of weir have been 
carried out by M. Bazin with exceptional resources, and under 
conditions whicli secured the greatest accuracy of measure- 
ment. The results are contained in a series of papers in the 
Annides det Fonts et CJiausseea, 1888, 1890, 1891, 1894, 
1896, and 1898. The first object was to ascertain the 
coefficients for a standard measuring - weir with no end 
contractions, especially with reference to the influence of 
diEPerent velocities of approach. This weir was afterwards 
Qsed in measuring the flow over other weirs of different forms. 
The standard weirs had a height of 3"724 feet above the 
bottom of the channel of approach, a vertical upstream face, 
^^tad a sharp-edged crest formed by an iron plate ^ inch thick. 
^^be length of the weir was equal to the width of the channel 
^Br approach, so that end contractions were suppressed. 
^tJbamliers were formed in the side walla below the weir to 
admit air below the wat«r sheet and to ensure its free detach- 
ment from the crest. The lengths of the weirs of standard 
i experimented on were 1^64, 3^28, and 6'56 feet. 
Taking the rectangular weir fonnula iu its simplest form, 
i putting m = !<:, the discharge is 

q = mlhj(2pli) (13). 
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For the same heads the ooefiEicient m was very approxi- 
mately the same for the four lengths of weir used. The 
following table gives a selection of the values obtained from 
an average of the results on all the weira The coefficient 
for standard weirs will be denoted by m^ : — 

Stahdard Wsibs, 3-72 Fbxt high, with no End Contractions 

Valuei of Coefficient m^ in Eq. (13) 



Head. 




Head. 




Head. 




Head. 




Feet. 


»»• 


Feet 


mo 


Feet 


fflQ 


Feet 


ITlO 


A 




h 




h 




h 




0197 


•4432 


•656 


•4262 


11 56 


•4273 


1575 


•4307 


•262 


•4372 


•722 


•4259 


1-181 


•4277 


1-640 


•4313 


•328 


•4336 


•787 


•4258 


1-247 


•4281 


1706 


•4318 


•394 


•4310 


•853 


•4260 


1312 


•4286 


1^772 


•4324 


•459 


•4292 


•919 


•4263 


1378 


•4291 


1837 


•4329 


•525 


•4278 


•984 


•4266 


1444 


•4297 


1903 


•4335 


•591 


•4269 


1.050 


•4269 


1509 


•4302 


1-969 


•4341 



Next, the influence of velocity of approach was examined. 
For this purpose the height of the weir above the bottom of 
the approach channel was altered to 2*46, 1*64, 1*15, and 
0*787 feet The following table gives a short selection of the 
values of m for different heights of weir, and therefore different 
velocities of approach : — 



Standard Weirs of Different Heights 
Values of the Coefficient m^ for Standard Weirs with no End Contractions 



Head. 
Feet 

h 


Height of Weir in Feet 


3-72 


2*46 


1-64 


1-16 


0^79 


0197 
•394 
•591 
•787 
•984 
1181 
1378 


•4432 
•4310 
•4269 
•4258 
•4266 
•4277 
•4291 


•4438 
•4326 
•4320 
•4345 
•4374 
•4407 
•4441 


•4445 
•4349 
•4377 
•4426 
•4184 
•4544 
•4605 


•4455 
•4396 
•4463 
•4649 
•4638 
•4731 


•4468 
•4473 
•4579 
•4699 
•4822 
•4949 
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To find a general formula accordant with these results, 
M. Bazin starts tram the well-known eq. (6), 



^ ^{2gh){l + a^^j^ . . (14). 

where u is the velocity of approach, and a is a constant having 
QBiially a value about 1*6. fi is a coefficient less than rriQ, 
and connected with it by the relation 



'^^'^^^"Sa) ' 



2gh 
or sinoe the second term in the bracket is a small fraction, 

»io=/t(l + l*5a^) nearly . . (15). 

If ^ is the height of the weir, the section of the stream 
in the channel of approach is (p + h)l, and the velocity of 
approach is u » Q/l(j> + h). Replacing Q by its value 

2fh " "o* V+a) 



"•o 



= '*[^^^(^] • • • <16). 



where K is a new coefficient. With this relation, m in 
eq. (13) can be found directly from the dimensions of the 
weir without the need to calculate u. A careful discussion 
of all the results leads Bazin to adopt the following values 
of m, and he gives the preference to the second as more con- 
venient : — 

The coefficient fi varies only with the head, and its 
average values are : — 
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He«i 


Value of Coefficient 


h 


M 


0164 


•4481 


•328 


•4322 


•666 


•4215 


•984 


•4174 


1-312 


•4144 


1-640 


•4118 


1-968 


•4092 
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With these values the coefficient m in eq. (17) can be 
found, and the discharge over any sharp-edged weir without 
end contractions calculated, including the influence of the 
velocity of approach. The formula then supersedes for such 
weirs the less convenient formulse (5 or 6) previously given. 
Further, the values of fi are very approximately given by the 
relation 

'*="•''"' -^im • • • <i«>- 

For heads from 0'33 to 1*0 ft, with close approximation 

•»o = 0-425[n-l(^4^y] . .(18a). 

which can be used when a possible error of 2 to 3 per cent 
can be allowed. 

In the case of weirs with vertical faces and flat crests of 
a width d, such as weirs constructed of horizontal beams of 
square timber, the weir sheet adheres to the crest if h<l'od] 
it may adhere or spring clear from the upstream edge if 
h>l'5d and < 2d; and springs clear if h>2d. When the 
sheet is adherent to the crest the coefficient of discharge 
depends on the ratio h/d, and is approximately for weirs with 
no end contractions 



m 



= wJo-7 + 0-1 85^1 . (19), 



where m^ is the coefficient for a standard weir of the 
same height. Even with a head of 1*48 feet and a width of 
crest of 6'6 feet, so that h/d = 0*22, the coefficient of discharge 
was 0*337, which is little different from the value given by 
the equation. If h>2d the coefficient of discharge is the 
same as for a standard weir of the same height A rounding 
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of the upstream edge of the crest modifies aeneibly the 
dischurge. A rounding to a radius of 4 inches increased the 
discharge 12 to 14 per cent. 

From some experiments on drowned weirs, much too 
extensive to be described bore, Buziii obtained the following 
expression for the coefficient of discharge : — 



m = I ■05jn. 



i'^im 



(20), 



whore A is the head above the weir crest on the upstream 
Bide, and k^ that on the downHtre«m side ; p is tlie height of 
the weir, and z the difference k — Aj of the water-level above 
and below the weir. The weirs were without end contractions. 
Bazin made a very extensive series of researches on weirs 







Fig. 77. 



nith inclined facea, and with crests either sharp, flat, or 
EDDnded. A short abstract of these would be of little use ; 
I original acoount must be referred to. The weir sheet 
! the following forms : (1) Free weir sheet, as in the case 
' a sharp-edged weir, the sheet falling freely in the air. 
r this condition the coefBcient of discharge is best defined. 
^) Depressed sheet and sheet drowned underneath. If pro- 
ieion is not made for free access of air below the sheet, and 
' the head does not exceed a certain limit, the sheet is 
iched ftora the weir, and encloses a volume of air at less 
1 atmospheric pressure. The tail water rises in level 
ind the alieet^and tlie sheet is depressed by the excess of at- 
iphcric pressure on its outer face [Fig. 77, A), The discharge 
is somewhat greater than for a free sheet. If the head inci-eases, 
the whole of the air beneath the sheet is expelled, and the 
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sheet may be said to be drowned underneath (C). It rides over 
an eddying mass of water in the space which, with a firee sheet, 
is occupied by air. The sheet drowned underneath may or 
may not be affected by the tail water. If at the foot of the 
weir there is a rapid followed by a brusque elevation or stand- 
ing wave, the tail-water level does not influence the discharge. 
On the other hand, if the tail water covers the foot of the 
descending sheet, it may influence the discharge, although its 
level is below the weir crest. (3) Adherent sheets (B). In certain 
cases with small heads the sheet becomes directly adherent to 
the downstream face of the weir, without any eddying mass 
of water behind it. This condition corresponds often to a 
marked increase of discharge. When the tail water rises 
above the weir crest, the sheet drowned underneath preserves 
its general form, until for a certain difference of head and tail 
water level it breaks into waves. 

68. Measurement of the head at weirs. — It is assumed 
in the preceding discussion that the head on the upstream 
side of the weir is measured at a point above the origin of the 
curve of surface fall towards the weir. Fteley and Steams 
concluded that the distance from the weir should be at least 
two and a half times the height of the weir above the bottom 
of the channel of approach, but no doubt this would be an 
excessive distance if the height of the weir is large compared 
with h. The exact measurement of the head is very important, 
and a hook gauge (§41) should be used, as accuracy is im- 
portant. With h = Q'l foot, an error of O'OOl foot, or about 
a hundredth of an inch in the measurement of 7i, causes an 
error of 1^ per cent in the calculated discharge. With 
greater values of h the percentage error is less, but is not 
unimportant. As the water-level fluctuates, a series of read- 
ings at equal intervals of time should be observed and the 
arithmetical mean taken. 

69. Practical gauging by weirs. — The most accurate 
method of gauging the discharge of small streams, as in ascer- 
taining the flow from a catchment basin, is to construct a weir 
of timber or concrete across the stream. A single reading of 
the head gives the means of calculating the discharge, and 
observations are made once or twice a day for as long a period 
as necessary. For small flows a triangular notch may be 
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used, but ordinarily the notch la rectangular. An auto- 
matic regiatering apparatus may be used, motion being given 
tfO a pencil by a, Hoat tljTough the action of a cam designed to 
allow for the variation of the coefficient of discharge. The 
reduction of the results is simplified if a weir with no end 
contractions is used, as the coefficient is nearly constant. The 
p of the weir should be a metal plate, flush with the 
a face of the weir, with planed edge accurately levelled. 




Fig. 78. 



70. Separating weirs. — When water is collected in 
raaervoirs for towns' supply from moorland diatricte, it ia 
desirable to separate the clear water of ordinary periods from 
ihe discoloured water in periods of flood. The latter is diverted 
to waste or sent to a reservoir used only to supply compensa- 
tion water to the streams. This is effected by a separating 
weir on the stream feeding the re&ervoir. Fig. 78 shows one 
form of such a weir. With small or moderate flow the water 
drops into the circular channel leading to the reservoir. In 
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flood-time the water springs over the gap, and flows into a 
channel beyond the weir. 

Problems 

1. Find the diBcharge through a rectangular notch, sharp-edged, and 

with complete contraction. The notch is 3 feet wide, and the 
head 1^ feet. Velocity of approach negligible. 

1 3*23 cubic feet per second. 

2. What will be the discharge of the same notch if the velocity of 

approach is 3 feet per second ? 16'7 cubic feet per second. 

3. Find the discharge over a sharp-edged weir 10 feet wide, with a 

head of 9 inchea There are no end contractions. 

21*56 cubic feet per second. 

4. Find the discharge of the same weir by Bazin's formula, taking 

the height of the weir to be 2 feet. 

2 2 '96 cubic feet per second. 

5. What must be the width of an overfall weir to discharge 24 cubic 

feet per second, with 8 inches head ? Coefficient 0*62. 

13*32 feet 

6. A district of 6500 acres (1 acre = 43,560 square feet) drains into 

a reservoir. The maximum rate at which rain falls is 2 inches 
in 24 hours. Supposing this rain to fall when the reservoir 
is full, it would hav^ to be discharged over the bye-wash weir. 
Find the length of such a weir under the condition that the 
head shall not exceed 1 8 inches. Coefficient of weir 0*66. 

84*16 feet. 

7. A sharp-edged weir, with full contraction, is 10 feet long, and 

has 15 inches of water passing over it Find the discharge by 
Francis's formula. 46*27 cubic feet per second. 

8. Find the discharge from a triangular right-angled notch with 

2 feet head. 14*93 cubic feet per second. 

9. A sharp-edged rectangular weir is to discharge daily 30,000,000 

gallons of compensation water, with a normal head of 18 
inches. The end contractions are suppressed, and the velocity 
of approach negligible. Find the length of the weir. 

8-99 feet 

10. Draw a curve of discharge from a right-angled triangular notch 

for diflferent heada The discharge may be calculated for 2, 
4, 8, and 12 inches head. Coefficient 0*6. 

11. A lake discharges over a weir 5 feet high above the stream bed 

and 10 feet wide. The water-level above the weir is 8 feet, 
and below the weir 6 feet, above the stream bed. Find the 
discharge, taking the coefficient of the weir c = 0*6. 

68*1 cubic feet per second. 

12. A weir is 30 feet long and has 18 inches head. The height of 

the weir is 3 feet The channel of approach is the same 
width as the weir. Find the discharge. 

198*6 cubic feet per second. 
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13. If the weir in the last qaestion had end contractions, and the 

velocity of approach was taken into account, find the discharge. 

185*6 cubic feet per second. 

14. A weir is 8 feet wide, 2^ feet high, and has a flat crest 1^ feet 

wide. The head is 15 inches, and there are no end contrac- 
tions. Find the discharge. 33*7 cubic feet per second. 

15. To determine the quantity of water used by a turbine, a sharp- 

edged weir, with foil end contractions, was erected in the tail 
race. The width of the weir was 12 feet, and the head 
measured to still water level was 0*75 foot Find the discharge 
by Francis's formula. 22*1 cubic feet per second. 



CHAPTEK VI 

STATICS AND DYNAMICS OF COMPRESSIBLE FLUIDS 

71. The present chapter deals with a few problems 
relating to compressible fluids which are closely related to 
those discussed in the preceding chaptera In compressible 
.uid, the densit, wie.',ith o^^-r^dift^,^ dU^ 
and temperature instead of being nearly constant as in the 
case of liquida But some reservations may be made. Gases 
are so much lighter than water that the variation of pressure 
with diSerence of level can often be disregarded. In some 
cases, as for instance the flow of lighting gas in mains, the 
difference of pressure causing flow is so small compared with 
the absolute pressure that the variation of density can be 
neglected without much error. On the other hand, in a large 
number of cases the variation of density must be taken into 
the reckoning, and then the formulae for compressible fluids are 
more complicated than those for water. 

Heaviness of gases. — The density or weight per cubic 
unit of volume, G, must be stated with reference to some 
standard pressure and temperature. The most convenient 
standards are 32"" F., and one atmosphere, or 2116*3 lbs. per 
square foot. The volume V in cubic feet per pound is the 
reciprocal of the weight G in pounds per cubic foot. V is 
often termed the specific volume. 
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HUTINXSS OF GABEa AT 32° F. AND ONE ATMOSPHBRB 



1 


Approi. 
Uotwular 
Wright 


Specific 
Qniritr 
Air=I 


Weight 
in Iba. per 
euUcreot 

a.. 


Cubic 
fort per 


P<,V, 




■Hydrogen 


i 


00693 


000659 


178-30 


37B819 


7681 


Oxygen . 


32 


11 06 


0-0895 


11-17 


23710 


4B-0 


Nitrogen . 


28 


0971 


0-0786 


13-71 


26990 


64-6 


Carbon monoxide 


S8 


0-965 


0-0773 


13-94 


27380 


55-5 


Carbon dioride 


44 


1-629 


0-1238 


8-08 


17145 


34 7 


Air. 


29 


1000 


0-0810 


12-35 


36214 


63-2 


Steam gu 


18 


0-622 


0-0502 


19-91 


42141 


85-3 


■^ «-&"": 




0485 


0-0393 


25-47 




109-2 




0-354 


0-0287 


34-89 




149 6 


Uondgwdry . 




0-808 


0-0664 


15-29 




6B-6 


Produoer gu . 




0-965 


0-0781 


IS-80 




B5-0 



The weight per cubic foot at 32° F, and on 
is Gj = /i/358, and the correaponding volume per pound is 
V,= 358/^. 

8p0ciflc heats of gases. — For the simpler gaees the 
epecifie hwita at consbmt pressure and vohime appear to be 
nearly independent of the jiressure and temperature. For the 
more complex gases it is now certain that they increase with 
f pressure and temperature. P'or tlie calculations in 
1 chapter only the ratio of the specific heats, y = i^p/Cj, is 
quired, and it will be sufiicieut to assume that for air and 
I so-called permanent gases 7=1-40; for steam gas and 
brbon dioxide y = 1-28. 

For ttir the following values are useful : — 



- I = 0-4 1 



= 0-286; 



1 



- = 0-7U; 



= 2-5; 



= 3-5. 



72, Gaseous lawa. Boyle's law. — At a constant tem- 

peiature the pressure of a gaseous mass varies inversely as the 

rolume. If P is the pressure in pounds per square foot, V tlie 

ume of s pound in cubic feet, and G the weight of a cubic 

b in pounds ; then if the temperature is constant, 

P/G = PV = conatant . . . (1). 
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If Po> Vq are the values at 32'' F. and one atmosphere, then 
PoVq is a constant for each gas which has been determined 
with great precision. 

Dalton's law. — In a mixture of gases the pressure is the 
sum of the pressures which would be exerted by each gas 
separately if it occupied the space alone. Let i?i, v, . . . be 
the fractions of a cubic foot of each of the gases in one cubic 
foot of mixture at a pressure P. Then the pressures due to 
the different gases are 

Let Wi,w^..,hG the fractions of a pound of each of the 
gases in one pound of the mixture, and /^, /L4 . . . their 
molecular weights. Then 






(2). 



Charles's law. — Under constant pressure all gases expand 
alike. Thus between 32° and 212° F. one cubic foot expands 
to 1*3654 cubic feet, or, putting it another way, a gas expands 
1/493 of itfl volume at 32° for each degree rise of temperature. 
Let Yq be the volume of one pound at 32° and V its volume 
at ^, the pressure being the same. 

If temperatures are reckoned from — 461 on the Fahrenheit 
scale, in which case they are termed absolute temperatures, 
the equation takes a simpler form. Let T, T^ be the absolute 
temperatures corresponding to f and 32°. 

V/Vo = T/To .... (4). 

The laws of Boyle and Charles can be combined to give 
the general relation of pressure, volume, and temperature in 
gases. For, let Pq, Vq, Tq be the pressure, volume, and tem- 
perature of one pound at 32° F., and P, V, T the same quantities 
under other conditions. By Charles's law, if T^ changes to 
T, and Vq to V, the pressure remaining constant, 

V' = V„T/T„. . 
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But by Boyie'a law the product of pressure and volume is 
coDstaDt if the temperature does not change. Let P^ now 
change to P and V to V at constant temperature. Then 
FV = PflV = PoV J/T(,. 
Let P„V[,/To = R, vfhich is called the gaseouB constant. Then 
PV-RT . . . . (6) 

ia the general equation connecting pressure, temperature, and 
volume. Values of It are given in the table on p. 119. 

73. The Mercurial Barometer. — In the mercurial baro- 
meter the preaaure due to the height of the column A (Fig. 79) 
bolanoes the atmospheric pressure. If G^ = 848'8 
is the weight of mercury in pounds per cubic foot, 
p, = atmospheric pressure in pounds per square 
it, and A is in feet, 



Fig. 78. 



■nbot, 

^H p^ = G„k^8iB-8h . . (6). 

^^B If A is given in inches, and p„ is required in 
^^■Oimds per square inch, p^ = 0'49I2A. 
^^K As mercury expands with rise of temperature, 
^^BB actual barometer readings should be corrected 
^^B 32° F., the expansion of the brass scale being 
^^■bo allowed for. The correction depends on the 
^^^eight of the barometer at the time, and tables 

are obtainable giving the correction. If t is the temperature 
at the time of an observation, the correction for a barometer 

rth brass casing is approximately 
. -OOO^f - 32) - ■OOQ01(< - 62) 
l + -OO01{(-32) 

the scale being assumed correct at 62"^ F, The correction is 
in inches if A is taken in inches. 

Lei G„ be the weight of air in pounds per cubic foot. If 
the atmosphere were homogeneous instead of decreasing in 
denaity upwards, the height of the atmosphere would be 



H = 



' = ~- feet 



(7). 



For ineroui-y G. = 848. The mean barometric pressuK at 
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sea-level is 29*92 inches, or 2*493 feet, and the weight of air 
at 32** and that pressure is 6^ = 008073 lbs. per cubic foot 
Hence 

848x^;493 
°" -08073 =^^^^7^^^ 

74. Variation of pressure with elevation. Application 
of the barometer to determine heights. — Let the atmo- 
sphere be at 32'' F., and let G be its density at h feet above 
the point where the pressure is one atmosphera If p is the 
pressure at a height h, the pressure ^,t h + dh will be less by 
the weight of a layer of thickness dh. That is, 

dp= -Gktt. 

But at constant temperature p/G=^PoIGq, where p^, Gq are 
values at 32° and one atmosphere. 

Gt=pGtolPo 
Integrating, since p^p^ when A, = 0, 



log,;?-log,;?o= - -^ 

Go* 



\ 



(8). 



The quantity PqI^q is the height H of a homogeneous 
atmosphere at 32° F. above a point where there is standard 
pressure and density. 

i?=i?o«"H .... (8a). 

The height above a point where the height of a homogeneous 
atmosphere is H is 

A = Hlog,5, 
P 

where p, p^ are the barometric pressures. If jp^, p^ are the 
barometric pressures at two stations at heights A^, A^j above 
the point where the pressure is one atmosphere, 

Aj-Ai = Hloge^ft. . . (86). 

P% 

As Pijp^ is a ratio, the pressures may be taken in any units, 
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for instance inches of mercury. Putting H = 26190, and 
substituting common for natural logarithms, 

Aj - A, = 60300 login ^ ft. 

P2 

Let ^1, tj be the temperatures at the two stations. The 
mean temperature of the air between the stations is approxi- 
mately (= ^(, + (j). But a column of air 1 foot high at 32° 

expands to 

, , * - 32 

at t". Hence the true height between the stations corrected 
for temperature ia A-(Aj — A,). 

Example.- — The observed barometric heighia at two Btationa were 
30 and Z7 inchea, and the correaponding air lemperatureH 65° and 50' F. 

Aj-A,=803001og[30/27) = li437 ft, 
Tlie nieaii temperature waa 57°1S. 
L^ i = l + (57'fi-32V4fl3 = l'06. 

^RJartected dilTerence of level- 6437 x 1-06 = 6760 ft. 

75. Flow of air through orifices tmder small differences 
of pressure. — In some cases the air is discharged from a 
vessel in which the pressure is rather more than an atmo- 
sphere into the almosphtre. In that c^se the difi'erence of 
pressure causing flow is small, and the variatiou of density 
of the air is very smaU also. For instance, if the difference 
of pressure is one pound i>er square inch the pressure ratio is 
15'7 to 147 lbs. per squaie inch, or 107 nearly, and as in 
the cases under consideration there is no material change of 
temperature, this is the ratio of variation of density also. In 
many practical cases the variation of pressure and density 
is even smaller than this. In such cases the flow may be 
treated as if the fluid were incompressihle. 

Let pi, Pi be the absolute pressures in pounds per square 
foot inside and outside the reservoir from which the air flows. 

T| the absolute initial temperature F. 

V the velocity acquired by the air. 

V, the volume of a pound of air at pressure p, and 

iperature Ti. 



^>m| 
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Gi the weight of a cubic foot in the same oonditiona 
Then n^lecting the variation of density, the head produc- 
ing flow is CPi -Pi)/Gi. 



-yK-^}**-p- 



sec. 



in 



If 60 is the area of the orifice in square feet and e the 
coefficient of discharge, the volume discharged per second is 

Q = Cart; = ^^i^y fi J c. ^t. per sec. . (10). 

The weight Oi of a cubic foot of air at pressure pi and 
temperature T^ is 

Gi=i?i/53-2Ti lbs. per c. ft. 

Hence the weight in pounds discharged per second is 



= Cis} 






. (11). 



When dealing with small diflferences of pressure, it is 
common to measure the pressures in inches of water column. 
One inch of water = 5*202 lbs. per square foot. Hence if the 
pressures are in inches of water. 



W = 5-72(ku Al^^^r-^lbs. . . (12), 



Professor Durley has carried out careful experiments on 
the discharge of sharp-edged orifices, ^^ to 4^ inches diameter, 
with differences of pressure from 1 inch to 6 inches water 
column. The following table gives the coefficients of dis- 
charge obtained : — 






DiUKler 




Heads 


in Inohw of 


WMbi. 






ofOriBw 
























inliiGliw. 


1 


2 


3 


i 


' 


H 


L A 


0-603 


0-606 


0-810 


0-613 


0-616 


ll ■ 


oeoi 


603 


0-605 


0806 


0-607 


V > 


0-600 


0-600 


0-600 


0-600 


0-600 


^ 3 


0-S99 


0-6DB 


0-597 


0-696 


0-696 




*i 


0-598 


0-696 


0-594 


0-693 


0-692 



The channel of approach to the orifice was at least twenty 
times the area of the orifice, ao that the velocity of approach 
was negligible. 

76. Expansion of compressible floids, — Two cases are 
important. If the expaaaion takes place without change of 
temperature, heat must be supplied during espanaion ; Boyle's 
law is applicable, and the product PV ia constant. Such 
expansion ia termed isothermal or hyperbolic If no heat is 
supplied or lost during expansion, it is shown in treatises on 
thermodynamics that the product PV is constant where 7 ia 
the ratio of the specific heats at constant pressure and couatant 
volume. The expansion is termed adiabatic, and as external 
work is done at the 
expense of the internal 
energy of the fluid the 
temperature falls. 

Let one pound of air 
expand from V, to Vj, 
the pressure changing 
from P, to P^ Then 
r = V,/V, ia the volume 
ratio of expansion, and 
p = Pj/I', may conveni- 
ently be called the pres- 

I ratio of expansion. 
) relation of pressure 
md volume during ex- 
tJiaion ifl given graphically by a curve CD. During any 
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small change firom V to V + dV the work of ezpansion is 'PdV. 
Hence the whole work of expansion from the state given by 
PiVi to that given by P^Vj, reckoned per pound of fluid, is 



U = VdV f t.-lb8. 



Work of isothermal expansion. — Since in this case 
PV is constant, the ezpansion curve CD is a hyperbola. 
P = PiV,/V. Hence 



J*dV Va 



= PjVj log, r = P^Vi log, - f t.-lb8. . 



. (13). 



Work of adiabatic expansion. — In this case PV = 
constant. 

dV 



peAT^p^v.M ; 

^p,v/r 111 



> ft-lbs. 



(14). 



y-1 

^ R(Ti - T,) 
y-1 

It is convenient to remember the following relations in 

adiabatic expansion : — 

y 
y 



-C)-=(i), 



(16). 
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It is also useful to state the thermodTnainic result that the 
change of temperature in adiabatic expansion is given bj the 
relation 

T2^(iy"=^'7-\ . . . (16). 

77. Modiflcation of the theorem of Bernoulli for 
compressible fluids. — Suppose 
that in a short time i the mass 
AB comes to A'B'. Let Pj, ©i, 
t?i, Gi, Vj, Tj, be the pressure, 
section, velocity, weight per 
cubic foot, volume per pound, 
and absolute temperature at A. 

Let P,, «,, t?2, % Vj, T,, be the 

same quantities at B. The ^ ^ 

motion being steady, the weight Fig. 81. 

of fluid passing A and B in a 

given time must be the same. If W is the flow in pounds per 

second, 

If Zi, z^ are the heights of A and B above the datum plane, 
the work of gravity is 

^i***i*'i(^i ~ ^2) "= ^(^1 ~ ^2) ft'-lhs. per sec. 
The work of the pressures on the sections at A and B is 

Pi**i^i ~ ^2*^2^2 = ( P^ ~ c^j^ ft.-lb8. per sec. 
The work of expansion is 

W I FdV = WU ft.-lbs. per sec. 




The change of kinetic energy is the difference of the energy of 
W Iba entering at A and W lbs. leaving at B. That is, 

W 

o~( V - v^^) ft.-lb8. per sec. 

Equating the work done to the change of kinetic energy, and 
for simplicity dividing by W, 
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O, 



t U = 3, 1 



G. 



(17). 



An expreBsion similar to that for liquids, except that the work 
of expansion U appears. The result may be stated thus : the 
total head at A, plus the work of expansion between A 
and B, is equal to the total head at B. Since A and B are 
any two points, it may be said that the total head along a 
stream line increases by the work of expansion (or decreases 
by the work of compression) to that point. If difference of 
level is neglected and the expansion is adiabatic, eq. (14), 



= U + 



-Zi- 



U + P,V,-P,VJ 



^ y 



- 1 c^' 



7S. Flow of compressible Quids &om orifices when 
the variatioQ of density is taken into account. — When the 

dow is due to pressure differences which are not small com- 
pared with the absolute pressures in the fluid, the work of 
expansion is not negligible. Suppose the fluid flowing from 
a point in a reservoir where the pressure is P,, and where it 
is sensibly at rest, through an orifice into a apace where the 
pressure is Pj, and where it has acquired the velocity v^ 
Neglecting any difference of level, and introducing a coeflicient 
of velocity c, to allow for the resistance of the orifice, from 
eq. (18), 



'•s/[^^i^'"''{'-'^)] ■ <"*■ 



Approximate equations. — When the pressure difference 
is small, let 8 - (P, - P,)/Pi, so that p = Pj/P, = 1-8. where 
S is a small fraction. 
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Then eq. (19) becomes 

= c,^/{2g^^) . . (20), 



»! 



the approximate equation previouslj obtained on the assump- 
tion that the fluid could be treated as incompressible for small 
pressure differences. A closer approximation is obtained bj 
taking another term in the expansion of 

(l-S)^ 



2y> 



'2 



an equation given by Grashof. 

Weight of fluid discharged firom an orifice. — Let to 
be the area of the orifice, and c^ the coefficient of contraction. 
Let Px« Vi be the pressure and volume per pound in the 
reservoir ; P,, Vj the same quantities in the space into which 
the fluid is discharged. Let r be the volume and p the pres- 
sure ratio of expansion in the stream issuing from the orifice. 
The volume discharged per second, reckoned at the lower 
pressure, is 

Q2 = <^e'>2'^ cubic feet, 
and the weight is 

W = -^- lbs. per second. 
But Vj = rVi, and putting c^c^^ by eq. (18) 

But r = l/p*. 

and this ia a maximum when P2/P1 = p is 



(v4t>"^ = * • • • (23). 
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which may be called the critical pressure ratio. If •/ = 1*4, as 
for air, the discharge is greatest for ^ = 0*528. The tnATimnm 
discharge, putting in the value of p jost found, is 

-— y[N4,l;{(7lT)"'-C-lif'}] <"). 

and for 7=14 this becomes 

W,™^ = 3-885e<B O . . . (24a). 

the external pressure being then a little more than half 
the pressure in the reservoir. When Pj/Pi is less than 0, the 
critical value of the pressure ratio, or in other words if P^ is 
greater than ^Pj, the weight of Suid discharged diminishes, a 
result which is paradoxical and extremely improbable. It 
must therefore be inquired if there is any defect in the 
reasoning. There is one assumption which is unverified, 
namely, that the expansion is completed at the contracted 
section of the jet, and that the pressure at that section is P^ 
Experiments, first made by Mr. 
R. D. Napier with steam, showed 
tliat for Pj/Pi less than if> the 
pressure at the contracted section 
was greater thsn the external 
pressure Pj, and that the fluid 
continued to expand after the 
contracted section was passed. 
Hence the section at which the 
pressure is Pj is a section greater 
than CgO>, and may even be greater 
than the area of the orifice. The jet when Pj/Pi is less than 
^ takes a form Uke that shown in Fig. 82. 

The centrifugal force of the curved elementary streams 
near the contracted section makes the mean pressure there 
greater than Fg. Experiment shows further that whenever 
P;/P] is less than the discharge is found by substituting 
^Pi for Pg in the general eq. (22). Hence for such cases 
the discharge is found by using eq. (24) instead of eq. (22). 

Discharge of air from oriflcea. — For air, 7=1-4 and 
= O528. Two cases occur, (a) When P/Pi is greater 
than 0, and putting p for Pg/Pj, 
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(25). 



(6) When PJP^ is less than <f>, 

W = 3-885co) 



n/v; 



(25a). 



It appears that for sharp-edged circular orifices, c = 0*64 ; 
for short cylindrical mouthpieces without rounding at the 
inner edge, c = 0*81 to 0*83; for short conoidal mouthpieces, 
c =s 0*97 ; and for coned blast nozzles, c = 0*86. 

The discharge of steam under great differences of pressure 
is complicated by variations of wetness in the steam and 
other circumstances. Careful experiments by Mr. Bosenhain 
are described in Proc. Inst. CivU Ungineers, cxL 199. For 
dry steam and P2/P1 less than (f>, 

W = 0-1995Cc(uPiO^ lbs. nearly . , (2©), 

or, what is the form of the equation more generally given, 



3-6P, 



W = c«) 



Ibe. 



(26a), 



where Vj is the specific volume of the steam at the 
pressure P^. 
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FLUID FRICTION 

79. "When a liquid flows in contact with a solid surface, op 
when a solid of ahipshttpe form moves in a liquid at rest, 
there ia a resistance to motion which is termed fiuid friction, 
though it ia wholly diSerent in character from the friction of 
solida. At very low velocities the motions of the fluid near 
the solid may be stream-line motions, and the resistance is 
due to the shearing action of filaments moving with differenG 
velocities. Such conditions hardly ever obtain in cases of 
practical interest to the engineer. Whenever the velocity is 
not very small, eddies are generated which absorb energy 
afterwards dissipated in consequence of the viscosity of the 
fluid. Tlie frictiooal reaistaace in this case is measured by 
the momentum imparted to the water in unit time when a 
solid moves in still water, or abstracted li'om the motion of 
tranalatioii and dissipated when a current flows over a surface. 
The laws of fluid friction may be stated thus :- 

(1) The frictional resistance is independent of the pressure 
in the fluid. 

(2) Under certain restrictions to be stated presently the 
frictional resistance is proportional to the area of the immersed 
surface. 

(3) At very low velocities the frictional resistance is pro- 
portional to the velocity of the fluid relatively to the surface. 
At all velocities above a certain critical value depending on 
the general conditions, that is, in all cases in which the motion 
of the fluid is turbulent, ttie frictional resistance is nearly 
proportional to the square of the velocity. 

Also in eases where the motion ia turbulent : — 
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^M (-1) The frictional resistance increases very rapidly with 

^B3ie roughness of the solid surface. 

^K (5) The frictional resistance is proportional to the density 

Ktf the fluid. 

^F These laws can be expressed mathematically for the case 
of turbulent motion in this way. Suppose a thin board of 
total area o>, wholly immersed, to move through a fluid at 
rest with a velocity v. Let / be the frictional resistance 
reckoned per square foot of the surface at a velocity of one 
foot per second. Then the total resistance of the board is 
R=A>t;Mb8 (1), 

rhero / is a constant for a given quality of surface and a 
laid of given density. It is convenient to express this in 

another way. Let f = C23/)/G, whore f is termed the 

coefficient of friction. Then 



I: 



K - (Gw^ 1 



(2)- 



As the hoard moves through the fluid the resistance is 
3ome through a distance of v feet per second. Hence 
Bke work erpended in overcoming friction ie 

U =/(,rtpS = ^^ ft-lbs. per sec. . . {3). 

The following are average values of the coefBcient of 
Hction for water, obtained from experiments on large plane 
surfaces moved in an indefinitely large mass of water : — 







Frictional 




Cwfficitmt 


Resistance in 




of PriotioB 

i 


lbs. per 
gquara foot 


New we!l-paintea iron plate 


■00489 


■00473 


Painted and planed pkak (Bcaufoy) . 


■00350 


■00339 


Surface of iron sLiph (Rankine) . 


■00362 




Vamiflhed aurface (Froude). 


■00358 


■00260 


Fine aand aurface „ . . . . 


■00418 


■00406 


Coarser sand surface „ . . . . 


■00503 


■00488 



80, Mr. Froade's experiments. — The most valuable direct 
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experiments on fluid firiction are those carried out by Mr. W. 
Froude at Torquay.^ The method adopted was to tow a thin 
board in a still water canal, the velodtj and resistance being 
simultaneously recorded. The boards were generally 3/16 inch 
thick and 19 inches deep, with a sharp cutwater, and fipom 
1 to 50 feet in length. The boards were covered with various 
substances, such as paint, varnish, tinfoil, sand, etc., to deter- 
mine the influence of different roughnesses of surface. The 
results obtained by Mr. Froude may be summarised as 
follows : — 

(1) The firiction per square foot of surface varies very 
greatly for different surfaces, being generally greater as the 
sensible roughness of the surface is greater. Thus, when the 
surface of the board was covered as mentioned below, the 
resistance for boards 50 feet long, at 10 feet per second, was : — 

Tinfoil or vanush 0*25 lb. per square foot 

Calico .... 0*47 „ „ „ 

Fine sand .... 0*405 „ „ „ 

Coarser sand . 0*488 „ „ „ 

(2) The power of the velocity to which the friction is 
proportional varies for different surfacea Thus, with short 
boards 2 feet long :— 

For tinfoil the resistance varied as v^*" 
For rough surfaces „ „ ^"^ 

With boards 50 feet long: — 

For varnish or tinfoil the resistance varied as v*"" 
For sand „ „ v^"^ 

(3) The average resistance per square foot of surface was 
much greater for short than for long boards ; or, what is the 
same thing, the resistance per square foot at the forward part 
of the board was greater than the friction per square foot of 
portions more stern ward. Thus, at 10 feet per second: — 

Mean Resistance in lbs. 







per 


Square Foot. 


Varnished surface 


2 feet long 




0*41 


» » 


. 50 „ 




0*25 


Fine sand surface 


2 „ 




0*81 


i> » » 


60 „ 




0*406 



^ British AssocitUvm JUports, 1876. 
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This remarkable reaull is explained thus by Mr. Fioude : 
" The portion of surface that goes first ia the liue of motion, 
in experiencing redstance from the water, must in turn com- 
municate motion to the water in the direction in which it is 
itaelf travelling. Consequently, the portion of surface which 
succeeds the first will be rubbing, not against stationary water, 
but against water partially moving in its own direction, and 
cannot therefore experience so much resistance from it." 

The following table gives a general statement of the 
numerical valuea obtained by Mr. Froude. In all the experi- 
ments in this table the boards had a fine cutwater and a fine 
stern end or run, so that the resistance was entirely due to 
the surface. The table gives the resistance per square foot 
in pounds, at the standard speed of 600 feet per minute, and 
the power of the spqed to which the friction is proportional, 
so that the resistance at other speeds is easily calculated. 





Leugtb of Surlttx, at Distance from CatirateT, tn Feet. 


Two Feet. 


Bight Feet. 


Twenty Feet. 


Fifty Feet. 1 


A 


B ' C 


A 


B 


C 


A 


B 


C 


A 


B 


c 


Vami^h 


8-00 


■41-390 


l^fifi 


■32(S 


■2(14 


vas 


■278 


■240 


im 


■250 


-228 


i'amffid 


1-9S 


■38-370 


1-94 


■314 


■2 fid 


1-93 


■271 


■237 








TittfoU . 


21fl 


■30 2951 1-99 


■278 


■263 


P90 


■262 


-244 


r83 


■246 


■232 


Calico . 


I'sa 


■87 -725; 1-92 


■628 


■504 


1-89 


■631 


-447 


r87 


■474 


■423 


Fineiuid 


2-nn 


■81 -690:200 


-583' ^450 


2-00 


■4 HO 


■384 


a-oe 


-406 


-337 


Medium Hud 


2'nn 


■90 -730 2-00 


■626 ■488 


2-00 


-534 


•4R5 


2^00 


■488 


■466 


CouaBauid . 


2-00 


l-10l^880j2-00 


■714; ■520 


2^00 


■588 


■490 









Colunms A give the power of the speed to which the 
Approximately proportion al. 

Coliimua B give the mean resielatice per square foot of the whole 
ailrftwe nf a board of the lengths stated in the table. 

Colomna C give the resistance in pounds of a square foot of surface at 
the dintance eternward from the cutwater stated in the hooding, 

It may be noticed that although the friction per square 
foot decreases as the surface is longer in the direction of 
motion, yet the decrease, which is considerable between 2 feet 
and 8 feet, is small between 20 feet and 50 feet. Hence for 
surfaces more than 50 feet long it makes little diBerenc« 
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whether the friction is supposed to diminish at the same rate 
or not to diminish at alL If the decrease of friction stem- 
wards is due to the generation of a current accompanying the 
moving plane, there is not at first sight any reason why the 
decrease should not be greater than that shown by the experi- 
ments. The current accompanying the board might be assumed 
to gain in volume and velocity stemwards, till the velocity 
was nearly the same as that of the moving plane and the 
friction per square foot nearly zero. That this does not 
happen appears to be due to the mixing up of the current 
with the still water surrounding it. Part of the water in 
contact with the board at any point, and receiving energy of 
motion from it, passes afterwards to distant regions of still 
water, and portions of still water are fed in towards the 
board to take its place. In the forward part of the board 
more kinetic energy is given to the current than is diffused 
into surrounding space, and the current gains in velocity. 
At a greater distance back there is an approximate balance 
between the energy communicated to the water and that 
diffused. The velocity of the current accompanying the board 
becomes constant or nearly constant, and the friction per 
square foot is therefore nearly constant also. 

81. Friction of discs rotated in water. — In many 
hydraulic machines, turbines, and centrifugal pumps, surfaces 
rotate in water, and the friction is an important cause of loss 
of energy. A disc rotated in water is virtually a surface of 
indefinite length in the direction of motion, and experiments 
carried out in this way by the author, Proc. Inst Civil Ung. 
Ixxx. 1885, permitted considerable variation of the conditions. 
Fig. 83 shows a section of the apparatus. It consisted of 
a wooden frame on which was placed a cast-iron cistern C. 
A cast-iron bracket B at the top of the frame carried a three- 
armed crosshead bh, from which an inner cistern AA was sus- 
pended by three fine wires. The crosshead could be adjusted 
to any position and clamped by the nut a. Adjusting- 
screws in the arms of the crosshead permitted the cistern AA 
to be levelled. The discs which were to be rotated in water 
were 10, 15, and 20 inches diameter ; one is shown in position 
at DD keyed on a vertical shaft SS. This shaft was centred 
on conical ends and driven by a catgut band running on 
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lUeys P. The rotating disc is contained in the submerged 
Mpper cylinder AA. The flat bottom of this is fitted with 




rery little play round the gun-metal support of the spindle. 

^1>ove the disc was a flat cover EE parallel to the flat bottom 

the cisleru. The height of the chamber in which the 



r 
I 
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disc revolved could be varied, the disc being always placed in 
the centre of the chamber. A thick india-rubber ring bolted 
round the cover £E made & water-tight connection with the 
cylinder. 

To measure the friction of the disc, the reaction tending 
to turn the cistern AA was measured, for the reaction on the 
chamber must be equal and opposite to the effort required to 
turn the disc. To the auapeuded cylinder was attached an 
index-flnger moving over a graduated scale. This was adjusted 
to zero when the apparatus was at rest. When the diao 







"' 1 IJ^'T 


f 




|#l 1 i- 


1 




J^'''t:;l._,i. 



rotates, the copper cylinder tends to rotate in the same 
direction. To measure the effort to rotate which is equal to 
the effort turning the disc, a fine silk cord attached to an arc 
on the cistern was carried over the pulley e to a scale-pan G. 
Weights in the scale-pan balanced the friction and kept the 
iudex at zero. The rotations were observed by timing the 
rotations of the worm-wheel W by a chronograph. A clip 
brake K on the shaft was useful in adjusting the speed. 

Fig. 84 shows a plotting of one set of results on brass 
disca of three sizes. It will bo seen that the observations 
l^lot in quite regular curves. The three upper curves are for 
i\ 20-inch disc of polished brass with 1^, 3, and 6-inch spaces 
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iietween the disc and the flat ends of the cistern. The r 
ance diminishes a little as the spaces are narrower. The 
other curves are for a 15-inch and lO-inch disc ol" brass. 

8 2. Theoretical ezpresaion for the &iction of a disc 
rotating in liqaid.- — Let it be supposed that the general 
law of fluid fiiLtion which applies to large plane surfaces 
moved uniformly in water may he used to determine the 
friction of a disc. That is, suppoeing m to be tlie area of 
any small portion of the disc moving with the velocity v, let 
it be assumed that the friction of that portion of the surface ia 
/wv" ; where / is a constant differing for different surfaces, 
and 71 a constant which at the velocities used in these experi- 
ments does not differ greatly from 2. 

Let a be the angukr velocity of rotation, Rthe radius of 
the disc Consider a ring of the surface between tlie radii r 
and r + dr. Its area is 2-jrrdr, its velocity is ar, and the 
friction of this portion of the surface is therefore, on the 
assumption above, 

/ x 2trriT x aV. 

The moment of the friction of the ring about the axis of 
bation is then 

aira-Zf+Vr, 

ind the total moment of friction for the two sides of the disc 
Ik then 



M = 4b-u"/ 



J N iH the number of rotations per second, since a = 2TrN, 

, . (4), 

fee work expended in rotating the disc is in ft.-lbs. per sec.' 

= 2, from which it never dilfert much, tWs fonnuli becomes 
Work eipendod in Wction =aay/K'E' ft.-lbB. per sec, 
frtaiei from 0-002 to O'OOS for orJiiuirily rough surfaces, aud incre«o« 
jugli aurfdco of a mctnl disc covered with coinsB nand. 



HYDRAULICS 



nisnt. 


NBture of »l« wwi Sur&£» 


lUdiiuot 


or WlUr 

Bpuoon 
awhsiae 
□rDiwt. 


Fkta. 


Bpeodln 
KoUUoDi 




Clesn polished bnuM 

Painted cut iroc .... 

Painted and Tarnished oaat iron 
Tallowed briM . " . . " . '. 
Cast'iron'.' '.'..'.'. 

W oorered with fine SMid '. 
„ CHUBB Band . 


Fool 

D-eiss 


8 

5' 

6 
6 

1' 

6 
3 

s 

6 


550 
58 

66-0 
fiO-6 
61-0 
59 '0 
ES'O 
63-0 
64-6 
67-0 
5S-0 
B4-0 
55-0 
&6'6 
62-6 
820 
82 '0 


1-425 
1-469 

1-415 
1-380 
1-385 
1-787 
l-44fl 
1-468 
rP5B 
1-960 
1-440 
1-418 
1-409 
1-641 
1-148 
1-113 
1-387 




ClHn polished bruB 

Cut'mincore'red with coerae sand . 


0-S4BS 


3 
3 
3 
Si 


63 ■O 
62-0 
62 
B3-0 


1-459 
1-785 
1-113 

rose 


20 
21 


Clean polished brass 


0-848S 
6353 
0'4320 


3 
3 
3 


63 
62-0 
64-0 


1-45B 
2-816 
5-230 


22 
2 
23 
2i 


Clean polished bms 


O'SISS 


3 
3 
3 
3 


41-2 
63-0 
70'4 
130-6 


1-835 
1-458 
1-834 
2-840 


3 
25 


Clean polished brass . . . 


Q-818S 


3 
3 


B3-0 
5»-5 


1-45B 
1-3S3 



2. Water a little coloured. ' 

coloured. 
8. The suiTace of the tallow 



Eanarki 

. Water not quite clear. 5. Water a little 
jD the disc seemed to slter a little daring 

11, 12, 13. Cast iron a little ruatv. 

14. Disc coated with white lead and Tarnish, and covered with fine sand. 

Surface about as rough as ashlar stone. 

15, 16, 17. Sand-coated cast-iron disc, the sand very coarse, and mixed with 

small gravel pebbles. 
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t RoTATQia Discs 



ighwt 
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Mean 

Valoeof 

n for each 

kind of 

Burfkce. 


Mean 

Value 

of c. 


Mean 

Value of c 

corrected 

toW 

Fahr. 


Friction per 

Square Foot 

at 10 Feet 

per Second 

=/10«. 




ptr 
icood. 




•875 
•601 
•581 
•686 
•882 
•112 
•892 
•470 
•287 
•160 
•010 
•824 
•990 
•456 
•800 
•604 
•655 


1-85 

tt 

i> 

186 

»> 

tt 

1-94 

tt 
2-06 
1^86 
2^00 

tt 

It 
2-05 

1^91 

i> 
tt 


0-1102 
0-1149 
1256 
0-1169 
©•1242 
1329 
0^1106 
0-1160 
0-0975 

©•i'629 
0^1101 
0-1176 
0-1672 
0-3004 
0-3261 
0-3658 


0-1089 
0-1130 
0-1241 
0-1170 
0-1245 
0-1326 
0-1103 
0-1169 
0-0986 

o-ibi7 

0-1085 
0-1162 
0-1567 
0-3019 
0-3277 
0-3676 


0^2018 
0-2093 
0-2299 
0-2182 
0-2321 
0-2473 
0*2200 
0-2331 
0-2167 

0-2129 
0-2273 
0-2432 
0*3395 
0-6874 
0-6376 
0-7153 




•501 
•975 
•604 
•735 


1-85 
1-95 
1^91 
2^17 


0-1149 
0-1235 
0-3261 
0-3381 


0-1130 
0-1212 
0-8277 
0*3325 


0-2093 
0-2436 
0-6376 
0-7986 


Chamber clean. 

Chamber coated with rough sand. 

Chamber clean. 

Chamber covered with coarse sand. 


•501 
•598 
•849 


1-85 
II 


0-1149 
0-0324 
0-0048 


0*1130 
0-0826 
0-0048 


0-2093 

• • • 

• • • 


■Diameter varied. 


;-668 
t-501 
r630 
►•183 


1-85 

If 
II 
II 


0-1215 
0-1149 
0-1112 
0-1003 


• B • 

• • • 

• • • 

• • • 


0-2261 
0-2128 
0-2061 
0-1869 


Temperature varied. Friction 

- per square foot uncorrected for 

temperature. 
J 


^•501 
1-708 


1-85 
1-93 


0^1149 
0-1196 


0-1130 

• • • 


0-2093 
0-2364 


In water. 

In syrup, sp. gr. 1-061. 



lUmarks 

18, 19. The top and bottom of the chamber were coated with coarse sand, like 

the disc in experiments 15, 16, 17. 
20. The disc was slightly greasy. 

22. About two pailfuls of ice placed in water outside the copper chamber. 
24. Water taken from an engine boiler. It was rather dirty from sediment 

produced by boiling. 
26. HsQf a hundredweight of sugar dissolved in water in the cistern. 
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Ma= ^ l^f fR-^^ . . (5). 

The experiments give directly the moment of friction M 
corresponding to any speed N for each disa iBut for any 
given disc 

M = cN« . . . . (6), 

where c is a constant. Hence for any pairs of values of M 
and N obtained in the experiments on a given disc, 

_ log M, - log M, 
** " log N, - log N, • • • ^'^- 

The mean value of n thus obtained is given for each of the 
surfaces tried. When the mean value of n has been obtained 
from pairs of results in which the speed was different, values 
of c for each speed were obtained by the formula 

log c = log M - n log N, 

and the mean values of c thus found are given in the table, 
page 140. The values of n for different pairs of speeds never 
varied very greatly for any given disc in like conditions, 
nor did the values of c vary greatly for different speeds. 
Furtlier, the variations from the mean value followed no 
regular law, so that they may be attributed to errors of 
observation, or to unavoidable small fluctuations of speed 
during the observations. 

In the formulas above, / is the friction per square foot at 
unit velocity, but for any given kind of surface in like 
conditions 

f M(« + 3)__ 

Variation of resistance with diameter of disc. — Three 
sets of experiments with discs 0'8488, 0*6353, and 0*4320 
foot virtual radius, rotating in the same chamber of fixed size, 
gave moments of resistance in the ratios 

1 : 0-2887 : 0*0425, 

or for discs of different diameters in a chamber of constant 
size the resistance varies as the (n+2*82)th power of the 
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ly applicable ^ 









I 



tadiua. The theoretical formula above (4) is strictly a 
to discs in chambers the linear dimensions of which are pro- 
portional to the diameter of the disc, in which case the 
resistances are as the (K + 3)th power of the radiua The 
difference of the two oases is not very great, and is consistent 
with the experimental result that the I'esistance with a given 
:|disG is greater as the chamber is larger. 

Infloence of temperature on the resistance. — The 

lur results with a bright braaa disc, experiments 2, 22, 23, 
'and 24, show that the friction diminishes with unexpected 
rapidity as the temperature increases. The diminution is 
sensible even for a few degrees difference of temperature, and 

ince it appears that a correction for temperature ought to 
introduced in experiments on the flow of water in pipes 

id channels. The diminution between 41° and 130° Fahr. 
about 18 per cent, or 1 per cent for 5° increase of 
temperature. 

The experiments were not numerous enough to determine 
exactly the law of variation of friction with temperature, and the 
Bppuratus was not adapted for securing a constant temperature 
during a prolonged experiment. The results agree fairly with 
the empirical formula 



f, = 0-1328{I- 0-00210 . 



(9). 



where c, is the value of c for a bright brass disc at the 
temperature t°. 

In the experiments 1 to 17 the temperature varied in 
ifferent instances from 53° to 62°. The factor 



1 



0^02 1 X 60 

, -0'002ir" 



Baa been used to reduce the values of c to a standard tempera- 
' 60'. The correction is in any case small, and does 
lot affect the conclusions drawn from the results. 

Inflaence of ronghness of amface. — The results of the 

"experiments are altogether in accord with those of Mr. Fronde 

aa to the influence of the roughness of the surface. Even the 

numerical values of the frictional resistance obtained iu these 

leriments differ very little from those obtained by him for 
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long surfaces. Taking Mr. Fronde's results for planks 50 feet 
long, and comparing them with those obtained in the present 
experiments, the resistances in pounds per square foot at 
10 feet per second are : — 



Mr. Fboudb's Expbbiments. 



Tinfoil surface . 


. 0-232 


Vamisli . 


. 0-226 


Fine sand 


. 0-337 


Medium sand . 


. 0-466 



Prbssnt Ezpebikents. 

Bright brasB . 0-202 to 0-229 

Yaniifih 0-220 „ 0-233 

Fine sand . 0*339 

Very coarse sand . 0-687 „ 0*716 



Power of the velocity to which resistance is pro- 
portional — ^There is in this also a remarkable agreement 
between the present experiments and those of Mr. Froude. 
For the smoother surfaces the resistance varies as the 1*8 5 th 
power of the velocity; for the rougher surfaces as a power 
of the velocity ranging from 1*9 to 2*1. Mr. Fronde's results 
are precisely the same. 

Influence of the sise of chamber on the resistance. — 
In all these experiments, without a single exception, the 
friction of the disc increased when the chamber in which it 
rotated was made larger. The author is disposed to attribute 
this to the stilling of the eddies by the surface of the stationary 
chamber. The stilled water is fed back to the surface of the 
disc, and hence the friction depends not only on its own surface, 
but on that of the open chamber in which it rotates. The 
discs were rotated in chambers 3, 6, and 12 inches deep, and 
the surfaces of these chambers would be about 1000, 1200, 
and 1600 square inches. In the larger chambers the kinetic 
energy of the water may be supposed to be more rapidly 
destroyed than in the smaller, in consequence of the larger 
area of stationary surface. The water being more rapidly 
stilled, and the stilled water fed back to the disc in greater 
quantity, the resistance of the disc is increased. 

Effect of roughening the surface of the chamber. — In 
experiments 18 and 19 the upper and lower surfaces of the 
chamber were covered with coarse sand. Eoughening the 
surface of the chamber materially increased the Motion of 
the disc. This may be explained in precisely the same way 
as increase of friction due to increasing the size of the 
chamber. 
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Problems 

1. The reBiBtance of a ship is 1 lb. per square foot of immersed sorfeuse 

at 10 knots. Find the H.P. required to drive a ship having 
8000 square feet of immersed surface at 16 knots. One knot 
= 6086 feet per hour. 829*9. 

2. The disc-shaped covers of a centrifugal pump are 2 feet diameter 

outside and 1 foot diameter inside. Find the work expended 
in friction in rotating the pump at 360 revolutions per minute 
/= 0*0026, and n = 2. 326 ft-lba per second. 
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83. Non-Binnoas motion of water. — When water firom a 
reservoir which has been at rest long enough for eddies to die 
out issues from a sharp-edged orifice, the stream is perfectly 
clear and smooth on the surface even at high velocities. Any 
disturbance of the water in the reservoir shows itself in 
striation of the jet due to the presence of eddies disturbing 
the stream-line motion in the jet. The jet from a cylindrical 
mouthpiece is always troubled from the formation of eddies 
at the inner edga In capillary tubes, which have been 
experimented on by Poisseuille and others, the motion is 
generally non-sinuous and free from eddies up to considerable 
velocities. But in ordinary water mains the motion is gener- 
ally sinuous and turbulent. 

Professor Osborne Reynolds investigated the conditions in 
which sinuous and non-sinuous motion occurred inr pipes 
{Trans. Boy. Soc. 1884). A steady stream of water was set 
up through a glass tube with a flared mouth so that there 
was no inlet disturbance. Into the stream a small jet of 
coloured liquid was introduced. 

So long as the velocity was low enough the coloured water 
showed as a straight undisturbed stream line flowing through 
the tube with the other water. If the velocity was raised 
there came a point at which the coloured liquid suddenly 
mingled with the rest of the water, and on viewing the water 
by an electric spark it was seen that the water contained a 
mass of more or less distinct coloured curls or eddies. With 
water at constant temperature and the tank as still as possible 
the critical velocity at which the stream lines broke up and 

U6 
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eddies were formed varied almost exactly inversely as the 
diameter of the pipe aud directly as the viseosity. Very small 
disturbing causes, sueh as a disturbance of the water in the 
tank or fine sediment in the water, caused the break-up to 
occur at lower velocities. Hence the critical velocity deter- 
niined in this way is the higher limit of stable stream-line 
flow in pipes. The coefficient of viscosity for water decreases 
the temperature rises, and is given by the equation 

0-017 ... 

^ 1 + 0-034( + 0-00023(2 ■ ■ t'^i 

where t is the temperature centigrade. The denominator of 
J Has &sction may be termed the relative fluidity, and will be 
pdenoted by /. 

The higher critical velocity as determined by Osborne 
iBeynolds by the colour-band method is given by the equation 



1 



(2). 



I vbere d is the diameter of the pipe in feet. 



HiGSBE Cmtioal Vklooitt 

d= i 1 -Ij 2 inches 

rf= 04"i7 '0833 ■12B0 -1667 fcet 
10''C= 5-00 295 1'97 1-47 ft. per sec. 

I^ter experiments by Professor Coker, Mr, Clement, and 

, Barnes have shown that under certain fiivourable con- 

ptions stream-line flow may subsist to considerably higher 

icities than those observed by Reynolds, and throw a little 

mbt on the law that the higher critical velocity varies 

'' inversely as the diameter.' 

In another series of experiments Osborne Reynolds 
allowed water initially disturbed to flow through a long 
smooth pipe. It was found that if the velocity was below a 
certain limit the disturbances died out in a short length of 
the pipe, and the motion then became non-sinuous. Measur- 
ling the resistance to flow in a length of the pipe beyond the 
iturbed part, it was found that when the motion was non- 
iouous the resistance varied very exactly as the velocity, but 

nt. Boyal Siniuly, 1903. Proarilingi Eoyal ^iucieiy, vol. liJiiv. 
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that when the motion was turbulent it varied as the 
1*7 2th power of the velocity, or nearly as the square of the 
velocity. If the velocity in the pipe is slowly increased, the 
point at which the eddies cease to die out and there is a 
deviation from the law that the resistance varies as the 
velocity can be observed, and this velocity may be termed the 
lower critical velocity. This also was found to vary inversely 
as the diameter of the pipe and directly as the viscosity. 
The lower limit of critical velocity found by Osborne Beynolds 
is given by the equation 

Vc = 00387 -Ti ft. per sec. . (2a). 

Lower Critical Velocitt 

d^ ^ I 1^ 2 inches 

(i= 0-0417 0-0833 0-1260 01667 feet 
Vc at 0°C » -928 465 310 232 ft. per sec 

Later experiments by Professor Coker and Mr. Clement 
gave the relation 

Ve = 0-0199 TT ft. per sec. . (2b), 

or about half the values obtained by Osborne Beynolds. The 
reason of the difference has not been explained. 

It will be seen that in somewhat wide limits for small 
pipes the motion may be sinuous or non-sinuous, but that 
above the lower limit very small causes of disturbance render 
the motion turbulent. Pi*actically, for the larger pipes and 
the velocities with which an engineer has to deal, the motion 
is always turbulent. 

Let d be the diameter of a horizontal pipe, and p the 
difference of pressure in a length I ; the velocity of flow when 
the motion is in rectilinear stream lines is given by the 
relation 

"^3217/ ... (3), 

where ^ is in grams per square centimetre and the units are 

C.G.S. units. A more convenient form is this. Let h be the 

difference of pressure in a horizontal pipe in a distance I 
measured in feet of liquid of density p. 




ng for water p = 0'999 aiid for mercury p=13'6, then 
in feet of water 

... 52100^^1 
pd for k. in inches of mercury 

r= 709250-'''" 

S4. Practical theory of flow in pipes when the motion 
is torbolent. — In all ordinary cases with which the engineer 
has to deal, the water has in addition to its forward motion of 
translation a distributed eddying motion. It ia beyond hope 
to have a theory which will give rationally the velocity of 
flow and discharge of pipes in such conditions. It is not only 
that the eddying motion of the water is so complicated that 
in the strict sense there is no exact theory, hut in addition 
one of the factora in any formula of dow must express the 
exact roughness of the surface of the pipe on which the 
production of eddies depends. There is no scientific measure 
of roughueas, and very small apparent differences in the 
quality of the pipe surface cause considerable differences in 
the resistance. 

Penniaaible velocities in pipes. — Theoretically any given 
discharge can be obtained either by varying the pipe diameter 
or the head producing velocity of flow, but practically the 
^Mpnge of discharge for a given pipe ia much limited. If the 
^^■locity in the pipe is small it must be of large size and 
^H^ieneiva If great, it is dlthcult to obtain sufBcient pressure 
^Tb the distant parts of a district supplied, in hours of large 
consumption, and the risk to the mains from sudden variations 
of flow, causing what is termed hydraulic shock, is great. A 
fair rough rule for pipes used in town's supply is the follow- 
ing. Let V be the velocity in a pipe of diameter d (foot 
uuita), then 
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d = e 9 12 18 24 36 inches 

= 0-5 0-75 10 1-6 2 3 feet 

v = 2'7 31 3-4 4*2 4*9 6*3 feet per seoond 

Of course, cases occur whei-e higher velocities can be 
permitted. In short supply pipes to turbines, velocities of 
7 to 10 feet per second are not unusual The reason for 
adopting somewhat lower velocities in small mains is that 
otherwise the rate of fall of pressure would be excessive. 

85. Steady flow in pipes of uniform diameter. — ^If a 
long pipe connects two reservoirs at different levels, water 
will flow from the upper to the lower, and the conditions 
being constant the velocity and rate of discharge will be 
constant also. Steady flow being established, since the water 
starts from rest and comes back to rest, the work of gravity 
on the descending water is exactly balanced by the work of 
the resistances, of which much the largest is fluid friction. 
Let Q be the discharge in cubic feet per second, O the cross 
section and d the diameter of the pipe, v the mean forward 
velocity of the water. 

Q = Qv = -rcPv cubic feet per second . . (5). 

• As the same quantity of water passes every section in 
unit time the velocity must be the same, that is if we under- 
stand by V the mean velocity of translation along the pipe. 
In fact, the velocity is greater at the^ centre of the cross 
section and less towards the sides of the pipe, and on this 
general condition eddying motions are superposed. But the 
mean velocity along the pipe is constant, and for simplicity 
the complications must be disregarded. 

The Ohezy formula for flow in pipes. — ^A very simple 
theory furnishes an approximate formula which has been of 
very great service in hydraulics, and which with tabulated 
values of experimental coefficients is still employed more 
generally than any other in hydraulic calculations. Let 
Fig. 85 represent a short portion of a long pipe through 
which water is steadily flowing. The water enters and 
leaves at the same velocity, and consequently the work of 
external forces must be equal to the work in overcoming 
friction. Let dl be the length of the portion of pipe 
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'ooneidered, a and z + dz the elevatiooB of the end sections 
above any horizontal datum XX, p and p + dp the pressurcB 
at the ends, il the area of crosa section, jf the circimiference, 
and Q the discharge 



Then, 
in passing through 
the length dl, GQ 
lbs. of water descend 
a distance — dz feet, 

_ and the work of 

HgraTity is 

K -QQrf^. 

E 

r 



X ; i..I...X.. 

Hg. 86. 
positive quantity 

dz is negative, and vice versa. The resultant pressure on 
two ends in the direction of motion is — dp, and the work 
tiUB pressure is 



alflo positive if the pressure is decreasing along the pipe and 
dp is negative. The only remaining force doing work on the 
water is the frictional resistance. The area of the pipe surface 
'b j(dl, and using the expression obtained above [§ 79, eq. (2)] 
1 putting V for the velocity of the water the frictional 
rork is 



k qaantity always negative because it is work done against a^ 
reBiAtanc& Adding these portions of work together and 
dividing by GQ, 



Let A and B (Fig. 86) be two sections at distances li, l^ 
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from any given point, so that the length of pipe now con- 
sidered is L = /{ — /j, and let p^, 24 be the pressure and elevation 
at Ai,p2, %, the same quantities at B. Then, if v is the mean 
velocity along the pipe, 



Pl *X *^2l _ ft /"X ^1 

'£-E{('.*§)-('.^§)}f 



m- 



2g JLi V \ * v*/ \ - v*/ ^ X 
If pressure columns are introduced at A and B, the water 



C 



HfUki'I'PTk t iJi 







£ 



Fig. 86. 

will rise to the levels C and D, such that AC='^ and 
BD =Y- I^ 18 assumed that the atmospheric pressure is the 

same at C and D. In a very long pipe this might not be the 
case. Consequently 



DE = . = (c,.g)-(.,.§) 



(8). 



The quantity h is the difference of free surface-level at the 
two points of the pipe considered, and is termed the virtual 
fall of the pipe. The quantity A/L is termed the virtual slope 
of the pipe, and this will be denoted by i. The line CD 
passing through the pressure -column tops is called the 
hydraulic gradient The quantity Hj^ which appears in this 
and some other equations is termed the hydraulic mean 
of the pipe, and will be denoted by m. 
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The general equation for flow in pipes can now be written 

more simply 

^f^ Q h 

For pipes of circular section and diameter d,m=i fl/;^ = d/4. 
For such pipes the general equation of flow is 

.«* d h di ..V 

This equation, with a constant value for ^, is the well-known 
Chezy formula. 'It is still extremely useful if values of f, 
varying with certain conditions, are used instead of a constant 
value. 

The following forms of this equation are useful in practical 
applications. The virtual flEill or head lost in the length L is 

A = f ^ ^ = 00622 ^ feet . . (9a). 
(I ^Q d 

The velocity of flow is 

*=y{2i^^J} = 4012y(^^ feet per sec. (95). 
The discharge is 

Q = j(Pt;=3-15 ^ yrr) ^^^^c feet per sec. . (9c). 

The diameter for a given discharge is 

(i = 0-632^(^)feet . . {9d). 
The head lost for a given discharge is 

A = 01008^^ feet . . (9«). 

A form of the equation which is in common use is this : 

«'=V(i'**) • • • ^^^^' 

and by 'some writers this form only is termed the Chezy 
equation. The constant e is given by the relation 



-y?- 
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86. Case of a pipe connecting two reservoirs. Inlet 
resistance taken into account. — Let Fig. 87 represent a pipe 
connecting two reservoirs at dififerent levels. If the reservoir 
levels are constant the velocity in the pipe and the rate of 
discharge are constant The total head causing flow is tibe 
difference of level H, and this is expended in three ways. 
(1) To give the initial energy to the water corresponding to 
the velocity v there must be expended a head v^/2g. At the 
outlet of the pipe this kinetic energy is wasted in shock and 
eddies, so that this is part of the head lost. (2) There is 
some resistance due to the form of the inlet, which may be 
written ^v^/2g, where ^^ = about 0*5 for a cylindrical inlet, and 




^^^^^^^JT^^d 



Fig. 87. 

about 0*05 if the inlet is bell-mouthed. (3) The friction in 
the length L has been found to be ^-r • ^ feet of head, 
eq. (9a). Adding these together, 



4Llr2 



H ■{('*(.)* '7 }E. 



«= 8-025 



V \(1 + 



H(2 



(l+i„)d + 4CL 



}• 



(10). 



an equation which should always be used for short pipea 

As a matter of fact, water mains are not straight but 
curved, to follow the variations of level of the ground Hence 
their length is really greater than the horizontal projection, 
and the hydraulic gradient is not strictly a straight Una 
But in most practical cases the differences of level of the pipe 
are so small compared with its length that there is no error 
of practical importance in taking L to be the length of the 
horizontal projection of the pipe, or in assuming the hydraulic 
gradient to be straight. 
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87. Inlet Resistance. — Tlie inlet to a pipe may be flush 
with the reservoir wall, as at A, Fig. 88 ; re-entrant and with 
sqoare edges. B ; re-entrant with sharp edges, C ; or bell- 




D 



Fig. 88, 



mouthed, D. Values of the coefficient of resistance 5^, and 
1 + Jj, are given in the following table : — 

Jtata or Inlet ft- 1 +{", 

A 05 1-5 

iB 0'56 1-56 

C 1-30 2 30 

D 002 to 006 102 to lOS 

The inlet resistance is equivalent to the frictioual resistance 
a length of pipe given by the equation 






(11). 



Valdb8 op Ij/A 



p , 




itro= 




1-06. 


l-B. 


1-56. 


3-3. 


■O06 
■0070 
•010 


63 
35 

26 


76 
50 
38 


78 
52 
39 


115 

77 
58 



If this length is added to the actual length of the pipe 
the inlet resistance will be allowed for. 

In practical calculations about water mains the length L 
is aaually very large, and (1 + ^^li Is small enough compared 
with 45'L to be neglected. Thus let L= 1000 ft.; (£=1-5 ft.; 
f=0075; 5;,= 0-5; 11=10 ft. The velocity, by eq. (10), 
I 6'47 ft. per sec, but if the inlet resistance is neglected the 
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^-elixiiy is 5*67. The error is here not immaterial, but if the 
length of the pipe is 10.000 feet and H = 100, the velocity, 
tivkm eq. (10), is 5*65, and if the inlet resistance is neglected 
the veloeitT is 5*67, where the difference is in practical cases 
neirlicible. 

SS. Pnsrare in the pipe when the water ie flowing. — 
The vertical from the pipe to the hydraulic gradient is the 
pressuit^ i'\ the pipe at that point in feet of water, in excess 
of atmospheric pressure. If A is the height to the gradient, 
A + ^^4 feet is the pressure, including atmospheric pressure. 
Hence there could not be negative pressure in the pipe unless 
it rose more than 34 feet above the hydraidic gradient. With 
negative pressure the flow would of course be interrupted. 
But all ordinary water contains air, which would be disengaged, 
and would interfere with flow if the pressure fell much below 
atmospheric pressure. Hence, as a practical rule, pipes are 
not laid so as to rise above the hydraidic gradient Further, 
at all anticlinal bends air ^'alves are placed so that the air in 
the pipe when it is being filled may escape, and also any air 
carried into the pipe afterwards, which would accumulate at 
the top of vertical bends and interrupt the flow. Unless the 
pi}^ is below the hydraulic gradient these valves cannot act. 

89. Darcy's experimental investigation of the resistance 
to flow in pipes.^ — An extremely important series of measure- 
ments of the flow in pipes with different heads was carried 
out by M. H. Darcy, then Engineer of the Paris Water 
Supply, under the auspices of the French Government The 
general bearing of the results may be stated thus : — 

(1) The frictional resistance varies considerably with the 
nature and degree of roughness of the surface of the pipes. 
This is in accordance with Fronde's results already described, 
§80. 

(2) The greater part of the experiments were made on 
new and clean pipes, some of them asphalted. A few were 
made on old and somewhat incrusted pipes. It was found 
that the resistance of old and incrusted pipes was double that 
of new and clean pipes. 

(3) The simple Chezy formula 

' Reeliercfus exp^rimentaUs relatives au mouvemetU de Ceau dam le» tuj^ux, 
Paris, 1867. 
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^^^ di ,, „. 

^2^4 • • • • 02) 

very well expressed the results of the tests, if special varjing 
values were given to the coefficient f. 

(4) The coefficient f varies with the velocity of flow, with 
the diameter of the pipe, and with the roughness of the surface 
of the pipe. As, for practical reasons, there is not a wide 
variation of velocity in water mains, the dependence of ^ on 
the velocity may be disregarded in most practical calculations. 
On the other hand, the diameters of pipes range from 2 inches 
to 60 inches, and the variation of ^ with the diameter is very 
important. 

Grenerally, at ordinary velocities and with cast iron or steel 
pipes laid in the ordinary way, 



f=»(l+f) • • • (13). 



where the constants have the following values : — 





a 


fi 


Drawn wrought-iron or clean 






cast-iron pipes . 


•00497 


■084 


Pipes altered by light incrusta- 






tions .... 


. 0100 


•084 



Or, in an easily remembered form, 
Clean and smooth pipes, 

Incrusted pipes, 



[Table. 
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Values of ( deduced from Dabct's 


Formula 


Diameter of Pipe. 


Values of ^ 


In Inches. 


In Feet. 


New Pipes. 


Inernsted Pipei. 


4 


0-333 


•00622 


•01252 


5 


0-417 


•00697 


•01202 


6 


0-600 


-00680 


•01168 


7 


0-683 


•00668 


•01144 


8 


0-667 


•00660 


•01126 


9 


0-76 


•00663 


•01112 


12 


1-00 


•00639 


•01084 


15 


1-26 


■00630 


•01067 


18 


1-60 


•00626 


■01066 


21 


1-76 


•00621 


•01048 


24 


2O0 


•00618 


•01042 


27 


2-26 


•00616 


•01037 


30 


2-60 


•00614 


•01034 


33 


2-76 


•00612 


•01031 


36 


3-00 


•00611 


•01028 


42 


3-60 


•00609 


•01024 


48 


4-00 


•00607 


•01021 


60 


6O0 


•00606 


•01017 



It may be noted that, except for pipes less than about 
1 2 inches in diameter, the variation of f is not very great, and 
in many approximate calculations a constant value of f may 
be assumed without very large error. 

(5) There is a variation of ^ with the velocity, and for 
cases where the velocities were large Darcy proposed the 
expression 

C-a+-5+ : — 



t; 



(14). 



and gave the following values for the constants (foot units), 
for clean pipes : — 

a = 0^004346 
a, =0-0003992 

^ = 0-0010182 
^1 = 0000006205 

No doubt Darcy underrated the importance of the influence 
of velocity on the frictional resistance, and his formula taking 
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f 



account of it is extremely inconvenient. It can be taken 
into account in a simpler way, which will be given later. 

90. Maurice Levy's formula for pipes. — Darcy's experi- 
ments were made on pipes not more than 20 inches in 
diameter, and within that limit his formula has considerable 
authority. M. Maurice Levy came to the conclusion, from 
experience, that in the case of large pipes Darcy's formula 
makes the resistance greater than it really is, and leads to 
the use of pipes unnecessarily large. M. Levy, on partially 
theoretical grounds, obtained the following formulae for metric 
measures: — 



For new and ^clean cast-iron pipes, 

v=36'i J{ri{l+ Jr)} ' 

For pipes incrusted, 

t;=20-5 V{n(l + 3 Vr)}^ 



. (15), 



where r is the radius of the pipe. Beducing to English foot 
units and substituting the diameter for the radius, these 
equations become : 



For new and clean pipes, 

«2 



di 



^ =135(1 + 0-4 -v/d)^ 
2g '4 



For incrusted pipes. 



f^=42-8(l + M7v/rf)^ 



. (15a). 



Where in the Chezy formula, eq. (12), the value of f is : 

For new and clean pipes, 

0-007408 



For incrusted pipes, 



1 + 0-4 ^d 



0-02335 
1 + 1-17 s/d 



. (16). 



The following table gives values of f calculated by Levy's 
role for oomparison with those of Darcy: — 



160 



HYDRAULICS 



OHAF. 



Valces of ( FROM Lktt's Fobmula 



DiAmeter of Pipe. 


Valuea of ^. 


Inches. 


Feet 


New Kpes. 


Inernsted Pipes. 


4 


0333 


■00602 


•0139 


5 


0-417 


•00689 


•0133 


6 


0-600 


•00677 


•0128 


7 


0-688 


■00667 


•0123 


8 


667 


•00668 


•0119 


9 


0-76 


•00560 


•0116 


12 


1-00 


-00629 


■0108 


16 


1-26 


■00612 


•0101 


18 


1-60 


■00497 


■0096 


21 


1-76 


•00486 


•0092 


24 


2-00 


■00474 


•0089 


27 


2-26 


00463 


•0085 


30 


2-60 


•00464 


•0082 


33 


2-76 


-00445 


•0079 


36 


3-00 


■00438 


•0077 


42 


360 


•00424 


•0073 


48 


4-00 


•00412 


•0070 


60 


6-00 


•00391 


•0066 



91. Later determinations of the values of ^. — 

Imperfect as is the theory on which the Chezy formula is 
based, it is so convenient that it will continue to be used 
in engineering calculations. The difficulty in using it is the 
uncertainty in choosing the proper value of f in different cases. 
In a wide range of cases in which the flow in pipes has been 
measured by competent observers, f has varied from 0*003 to 
0'016. Even in cases in many respects identical there is 
considerable variation. Mr. Gale and Mr. Stearns both 
measured the flow in asphalted cast-iron pipes 4 feet in 
diameter, and found 5'=00031 and 0*0051 respectively. 

In 1886 the author examined all the more carefully 
made experiments on flow in pipes, including those of Darcy. 
By classifying pipes according to the quality and condition of 
their surfaces the range of variation of f can be greatly 
limited. Using a relation between v, d, and % which allows 
for the influence both of diameter and velocity, which will 
be explained in Chapter X., it was possible to tabulate values 
of ^ for most of the conditions which arise in practice. 
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The following tAbles give the values of the coefKcieot ^ 
I the Chezy foimula 



for different kinde of pipe, of different diameters, and with 
different velocities of flow, deduced in this way. 





For Vdocitiu in Feet pei Becood. j 


WheD rf In Feet i> 
















1-2. 


2-3. 1 3.4. 


4-5. 






Clem Wroaglit-Iron Plpei. 




0-5-075 


■0057 


■0060 


■0046 


■0043 


0'75.1-0 


■0064 


■0047 


■0043 


■0040 


1-0-1-5 


■0060 


■0043 


■0040 


■0037 


1-5-20 


■0046 


■0040 


-0037 


-0035 


20-3i} 


0043 


■0039 


■0034 


-0032 


30.4-0 


■0040 


■0035 


■003S 


■0030 










0-5-075 


■0064 


■0059 


■0066 


■0064 


0-75-1-0 


-ooes 


-0067 


■0064 


■0052 


10-1-5 


■0059 


■0064 


■0062 


-0050 


I-5-2-0 


■0056 


■0062 


■0049 


■0047 


2-O-3-0 


-0054 


■0050 


■0047 


■0046 


3'0-4-0 


■0052 


■0048 


■0046 


■0043 






Mew Cut-lTOQ DDCoaled Plpei 




O-5-0-75 


0058 


■0056 


■0065 


■0064 


0-75- 1-0 


■0054 


■0053 


-0052 


■0061 


1-0-I-6 


■0061 


■0050 


-0049 


■0048 


1-5-2-0 


■0048 


■0047 


0046 


-0046 


2-0-3-0 


■0046 


■0044 


■0043 


■0043 


3'0-4-0 


■0043 


■0042 


■0041 


■0041 






iDcnuted Cut-Iron Pipe*. 








For eU Velocitlea. 




0-6-0-78 




■OILS 




0-75-1 -0 




•0113 




1-0-15 




-0107 




16-2-0 




■0101 




2-0-3-0 




■0096 




3'0-4-O 




■0090 
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If an expression of the form adopted by Darcy is used, 
then the results given above agree fairly closely with the 
following values, 



f-.(i.f). 



Yalubs of ( 



Kind of Pipe. 



Drawn wrought iron 
Asphalted cast iron 
Clean cast iron 
Incrusted cast iron 



Values of a for Velocities in Feet per 
Second. 



12. 



•00376 
•00492 
•00406 



23. 



3-4. 



4-5. 



•00322 
•00466 
•00396 



•00297 
•00432 
•00387 



•00275 
•00415 
•00382 



At all velocities a = 0^00866 



Vail 
otfi. 



I 



0-37 
0-20 
0-28 
0-26 



These values show that, as was generally believed from 
practical experience, the influence both of diameter and 
velocity is greater than Darcy supposed. 

9 2. Herschers gaugings of flow in riveted steel pipes. — 

Mr. Clemens Herschel, between 1892 and 1896, made numerous 
gaugings of flow in riveted mains of exceptionally large 
diameter. The volume of flow was measured by the Venturi 
meter, a method which may be regarded as very satisfactory. 
The pipes were asphalted, and some were made with taper 
lengths and others with cylinder lengths alternately large 
and smalL No very clear difference was found between the 
two as regards resistance. Mr. Herschel has plotted his 
results, taking velocities for ordinates, and values of c in the 
equation v=^c fjm\ where m is the hydraulic mean radius, as 
abscissaa From the curves drawn through the plotted points 
he has deduced values of c for various velocities. From these, 
for comparison with the values of {; in the tables above, the 
following values for steel riveted pipes have been deduced : — 
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Valukb op ( FOR NEW Steel Riveted Pipbb 




DlMMterln 


Koi VelocttiiH in Feet per Second. 1 


1. 


2. 1 a. 


i. 


6. 


S. 


46 
48 
4S 
4S 
36 


•0063 

■0068 
■0070 
■0063 

■0087 


■0056 
0064 
■0056 
-OOfig 
■0071 


■OOGl 

■0062 
■0051 
■0057 
■0060 


■ooso 

■0059 
■0051 
■0066 
■0053 


■0051 
■0058 
■0052 
■0066 

■0047 


■0052 
■0058 

■0053 
HD055 
■004 S 



Broadly, these results confirm the general law given ahove. 
The value of f diminiahes as the velocity increases, and increases 
as the diameter diminishes. But there are anomalies. There 
■are several cases where ^ is greater at 6 feet per second than 
fM 4 feet per second. What is more anomalous still is that 
the 4S-iDch pipe at 6 feet per eecond has a greater coefficient 
than the 36-inch pipe. These anomalies must be due to 
errors of observation. Further, as a whole, the coefficients are 
somewhat larger than they might be expected to he. There 
is a series by Darcy and one by Hamilton Smith on riveted 
pipes which give smaller coefflciente if the difference of 
diameter is allowed for. However, of course, in comparing 
these with the results on cast-iron pipes, the roughness due 
to the rivet-heads aud joints must be considered, and the 
resistance can only ba determined by direct ejcperiment on 
riveted pipes. 

After some of these pipes had been in use four years some 
farther gaugings were made, and the discharge was found to 
have diminished considerably. The following are coefficients 
for the 48-inch main, one set corresponding to the upper part 
■ of the main near the supply reservoir, the other to the lower 



te^- 



■ f ■ 



5 Stkkl Pipes 



DUmeterin 

luchM. 


At Vel«dtlM in FMt pti Secaad. | 


I. 


2. 


3. 


4. 


6. 


9. 


48 » 
48 > 


■0106 
■0068 


■0080 
■0060 


■0075 
■0058 


■0073 
■0060 


■0078 
■0060 


■0073 
■0060 



' Supply reservoir to Pompt< 
' PomptoQ Notch to service : 



164 HYDRAULICS 



CHAP. 



It is clear, the author thinks, that daring the four years 
slimy deposits had accumulated in the main and increased the 
resistance to flow. As would be expected, these were almost 
entirely in the first length of main from the supply reservoir 
to Fompton Notch. In the remainder of the main the 
coefficients are not sensibly difiTerent from those obtained in 
the previous gaugings. 

Messrs. Marx, Wing, and Hoskins made gaugings in 1897 
and in 1899, by a calibrated Yenturi meter, of a remarkable 
supply pipe 6 feet in diameter, part of which was riveted steel 
and part of wood staves, at the Pioneer Electric Power 
Company, Ogden, Utah {Trans. Am, Soe. qf Civil Engineers, 
xL 471, and xliv. 34). The results on the steel part of the 
pipe plotted in curves famish the following values for ^ 

COKFFICIXNT ( FOR SiX-FoOT BlVXTXD StKKL PIPB 

v= 1-0 1-6 2-0 2-6 3-0 4-0 6-0 6-6 

1897 gauging— 

f=-0063 -0062 -0063 -0056 -0066 -0062 — — 

1899 gauging — 

f=.-0097 "0076 -0067 -0063 -0061 -0060 -0068 -0068 

The increase of resistance with time is very marked at the 
low velocities if the measurements at these can be trusted. 
It seems probable, however, that in the earlier gauging the 
resistance at low velocities was under-estimated, or the resist- 
ance at high velocities over-estimated. 

93. Timber staye pipes. — In the western part of the 
United States remarkable pipe lines have been constructed of 
wood staves hooped with steel bands. The wood used is redwood 
or sequoia, which when wet appears to have great durability. 
The staves break joint, and at their ends a thin piece of steel 
is jammed in a saw-cut By slightly humouring the staves 
bends of large radius are easily obtained. The staves are 
usually 1 J inch thick, accurately shaped by machinery. The 
steel hoops are spaced at different distances according to the 
pressure, and are drawn tight by a screwed end and nut. 
These pipes can be put together in difficult country where 
transport of metal pipes would be very costly. 

The results of the gaugings, by Messrs. Marx, Wing, and 
Hoskins, of the part of the pipe at Ogden constructed of wood 
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, stavea and 6 feet in diameter (§ 92), gave the following values 
^^ the coefficient ^■. — 

' Valpeb op f FOR Sii-FooT Wood Stave Pipb 



1897 gauging — 
^v {=-0064 -0053 '0048 -0043 '0041 
^MB9 ganging — 
^H f--004S '0046 'On4& -0044 '0043 

Bom 

^OWI 



0043 



III tbeae, aa in the results on riveted pipe, there seema 
line doubt as to the accuracy of the observations at the 
-est velocity. The variation of ^ with velocity would be 
expected to be greater than in the 1899 gauginga for 
frietional surface aa smooth aa that of a wood pipe. 

94. Fire hose pipes. — Very careful experiments on the 
discharge through fire hose have been made hy Freeman 
(Trans. Am. Soc. of Civil Engineers, xxi. 303). For S^-inch 
hose pipes of different makes the following were the values of 

coefficient ^ obtained : — 



^lu 



TALUiiS or f 





VolMity in Vixt p«r Sacond. 


4. 


e. 


10. 


IS. 20. 


Unlined amva* , 

Hoogh rubber-lined cotton . 

Smooth „ „ 


■0095 

■0078 

ooso 


•0096 
0078 
'0058 


■0093 

■0078 
■0065 


-0088 
■0075 
■0048 


■0085 

■0078 
■0045 



Let a hoae pipe of diameter d connect with a nozzle of 
diameter S ; let ^ be the length of hoae pipe, H the head of 
water at inlet, v the velocity in hoae pipe, V the velocity of 
jet from nozzle, and Q the discharge. 

The head expended at the nozzle is A = VYC29eJ), where c, 
ia the coefficient of velocity for the nozzle, which may vary 
' rom 0-95 to 0-98. But \ = vtP/S''. Hence 
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Tlie head f o du e in g flow in the boae pipe is H.—h, and 



V 4<l 



95. tadkil filfhtinm of flow in pipes.— In the 
foDovi^ eakaJatkn* it is aflEmned that there are no special 
obaki«etiaBa dae to TakcB^ bends, etCL, and that the pipe is 
ao Im^ that aalj the frirtional nsistanoe requires to be 
taken into awtmnt In long mains the reeastanoe of ordinary 
bends is negligibleL The fnndamental equations are : — 



^=•(1+7) • - • - (IX 



d k di 



4-f*4*L~4 • ^^^ 



Q-:^^ (8). 

From these equatioiid the following are easily derived, and 
for conTenience are repeated here from § 85 : — 

•=*-012/(^r) . . .(2a), 



d = 0-0623 Y' .... (2b), 



Q 
d=112S /^ 

V' 



- (3a), 



• (8*). 



y^ • (*)■ 



d = 0^33 

* = 01008^ .... (4i). 



(4«). 
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Rough preliminary calculations can be made by the foUow- 
iug approximate formulas obtained by taking a fixed value of ^. 
They are least accurate for small pipes: — 

For new and clean pipes, 

»-56V(di). 



ii.0-22 



Vt: 



depc 
an e 

w 



For old and iacruated pipes, 

p=40^/(rfi), 

rf = 0-252 y^, 

When the dimensions of a pipe are given and the velocity 
discharge are required there is no great diificidty. If 
.rcy's value of f is used it can be found from eq. (1), 
,nd the calculations are straightforward. If a value of f 
depending both on the diameter and velodty is to be used, 
an appi-oximate value of v can be obtained from eq. (5) or (6), 
id then the value of ^ can be selected from the tables and 
and Q re-calculated There is rather more difficulty when 
le discharge ia given and the diameter is required. Some- 
lea from past experience an engineer can assign probable 
values for d and v, or they can be found appro.ximately by 
eq. (5) or (6). Then f can be found from DaKiy's formula or 
from the tables, and a new value of the diameter calculated by 
eq, (4). The engineer has to consider whether he will allow for 
an increase of reaistance aa the pipe becomes old and iucrusted 
The rate at which a pipe becomes rougher from corrosion 
depends on the quality of the water. In some cases the 
interior of the pipe remains clean for a. long time. In some 
other cases the corrosion is rapid A common rule of thumb 
to provide for corrosion is to calculate the diameter of pipe 
required when clean, to add one inch, and choose the nearest 
larger commercial size. 

96. Tables of flow In pipes. ^ — Tables are published giving 

the velocity and discharge of pipes of diS'erent diameters with 

Terent heails. Geuerally these are calculated on a fixed 
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value of ^, and the results are therefoi*e only approximate. 
Thej are of assistance, however, in settling pipe proportions. 
The following maj be mentioned : — 

(1) Hydraulic and other Tables, hj Thomas Hennell, Spon, 
1884. This is based on the Chezj formula. 

(2) Tables for Calculating the Discharge of Water in Pipa, 
by A. K Silk, Spon, 1899. Based on a modified Darcy formula. 

(3) Diagrams of Pipe Discharge, by R B. and 6. M. Taylor, 
Batsford. These are based on Sutter's formula with a rough- 
ness coefficient 0*013. 

(4) Tables for the Solution of OanguiUet and Kutter's 
Formula, by CoL E. C. S. Moore, RE., Batsford. 

(5) Mr. R O. W, Boberts has designed a very convenient 
small circular slide-rule for facilitating calculations on flow in 
pipes. The graduations are based on Sutter's formula. The 
slide-rule is made by Mr. G. Kent of Holbom. 

97. Secondary losses of head in pipes. — In very long 
mains the so-called skin friction or resistance of the pipe 
surface, which is determined by the equations in § 96, is so 
large compared with any other losses that the latter are dis- 
regarded in ordinary practical calculations or covered by 
assuming a rather larger value of f. It is, however, sometimes 
necessary to consider these smaller losses, especially in the 
case of comparatively short mains. The inlet loss has already 
been considered (§ 87), and can be taken into the reckoning 
without difficulty. The other losses due to changes of diameter 

of the pipe, changes of direction, 
valves, etc., are generally of the 
nature of losses by shock. All losses 
are properly ultimately due to fluid 
friction, but it is rather convenient to 
speak of these losses as shock losses, 
as distinguished from the skin friction 
losses previously discussed. 

Abrupt enlargement of section. 

— Let di, G>i, t*i be the diameter, 

section, and velocity in the narrower, 

and d^, an^, v^ the same quantities in 

the wider part of the pipe. Fig. 89. The head lost in shock 

(§ 36) is 



r-fitlL 




• 



f^^^^^^^A 



^^J'^M^^^M^M* 



Fig. 80. 
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But 






2 






• (18), 



where (i^ is a coefficient depending only on the ratio of the 
sections or diameters at the enlargement 



^= 1-2 



1-5 



1-7 



2 



30 



zx « 



11 


1-22 


1-30 


1-41 


1-73 


004 


0-26 


0-49 


100 


4-00 



If Pi, p are the pressures in the two parts of the pipe, 



^-g-?<-"-€© -)■ 



29 2ff 



2g\\di> 



221 



Abrapt contraction of section. — ^When a stream passes 
from a larger to a smaller section abruptly 
a contraction is formed at aa (Fig. 90), "-^^^^^^^^^ Ja 
and the stream then enlarges to fill the — — -^SSSS?* 
pipe, eddies being formed as at an abrupt 
enlargement. Let q> be the section, and v 
the velocity, where regular steady motion 
is re-established. At the contraction aa the 
section of the stream is c^fo and the velocity 
is v/cc, where c^ is a coefficient of contraction. Then the head 
lost in turbulent motion is 




Fig. 00. 



A.= 



a-)' 



29 



^2g 



'29 



' {in 



where (; is a coefficient If c^b0*63, asin a1 
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The value of the coefficient is not well ascertained. Weisbach 
obtained as the result of experiments the empirical relation 



0-077 



a-r ■ 



(20). 



For a quite sharp edge at the change of section c«s= 0*62 to 
0-64. For a rounded edge €^ = 07 to 0-8. 

Gradual enlargement. — The resistance in this case can 
only be ascertained by experiment. Fliegner found the head 
lost to be (Fig. 91) 

Elbows. — The loss of head at elbows appears to be due 






-*r* 



> 



yth 



Vk 




Fig. 91. 



Fig. 92. 



to the formation of a contraction and abrupt increase of 
section (Fig. 92). Weisbach, from experiments on a very 
small pipe, obtained the expression 



he = C. 



^9 



(22). 



Ce = 0-95 8in2<^/2 + 2*05 8in*<^/2. 



<^= 20° 


40° 


60° 


80° 


90° 


100° 


120° 


ia = 003 


014 


0-37 


0-75 


1-0 


1-27 


1-87 



This is a loss additional to the pipe friction in the parts 
constituting the elbow, 

98. Resistance at bends. — Till lately the resistance at 
bends has been supposed to be a shock loss due to contraction 
and abrupt enlargement of the stream at the bend. On this 
hypothesis, and using the results of some experiments on small 
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mds, Weisbach found the following empirical expression for 
the head lost at a bend {Die experimental Hydraulik, p. 156). 
Let S be the angle subtended hj the bend at the centre 
of curvature in degrees, v the velocity, t the radius, and d the 
diameter of the pipe, and R the radius of curvature measured 
to the centre line of the bend. Then p = r/R is the curvature. 



Kihe I 



1 lost i: 



fj- 0-131 + 1-847/3"-' 

/)=0-l 0-2 0-3 0-4 0-5 06 0-7 
B/rf= 6 ------- 

fi=13 

No great confidence has been placed in these results, as 
hey are based on very limited and email experiments. 
«ntly Mr. Alexander {Proc. Inst. Civil Engineers, cMn. 341) 
s made some very careful experiments on small varnished 
i bends {d = 1^ inch) with considerable variation of radius 
f curvature and velocity of flow. Id spite of the small scale 
t these experiments they throw some light on the nature of 
1 resistance at bends. The moBt important point is this, 
that the total resistance at a bend is made up of the skin 
resistance of a straight length of pipe of the same length as 
the bend, and an additional resistance due to the curvature 
whicli ia not a shock resistance but merely an augmentation of 
the skin friction. Hence the total resistance at a bend can 
a expressed by the relation 



■'!,■(' 



(24). 



lere / is the length of the bend measured along its centre 
le, and d the diameter of the pipe. It appeared in the 
riments that the resistance per foot length of bend did 
regularly decrease with the curvature, but was a 
I when /J = 6, or when the radius of curvature was 
2j timee the diameter of the pipe. Mr. Alexander has given 
some empirical expressions for loss of head at bends, but they 
are inconvenient, and it is sufficient for practical purposes to 
»ed in a simpler way. Assuming the result that the 
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bend resistance is merely an augmented skin friction resistance, 
so that it can be expressed hj the equation (24), the value 
of ^ may be found from such experiments as are available. 
The most valuable experiments are some by Messrs. WilliamB, 
Hubbell and Fenkel, on large bends of asphalted cast iron, and 
of these the best are on bends in pipes of 30 inches in 
diameter {Proe. Am. Soc. of Civil Engineers, xxviL 314). 
The coefficients are deduced for right-angled bends in which 
/ = 7rB/2. For any other bends the resistance will be 
proportional to the angle subtended at the centre of curvature, 
so that if /| is the length of such a bend the coefficient will 
be greater or less than those given below in the ratio I'^JL 

Valuss of Bend Ck)KFnciSNT ^ fob Right-angled Bends 

Weisbach, smaU pipes. 

p = -026 -06 -1 17 -26 -33 0-6 

R/d = 20 10 6 3 2 1-6 lO 

fft = -001 -002 -004 -008 -012 018 -046 

WOlUma, HabbeU and Fenkel, SO-inch main. 

p = -021 -031 -060 -083 -126 -21 

R/d « 24 16 10 6 4 2*4 

fft = -009 -0092 -0118 -016 -0166 -018 

For small values of the curvature the coefficient of 
resistance of Weisbach's small pipes is much less than that of 
the 30 -inch pipe, but for large values of the curvature it is 
not very different. It may be suspected that for the small 
pipes with small curvature the motion of the water was 
possibly approximately non-sinuous. 

The results may be put in another way. Let l^ be the 

length of a straight pipe the resistance of which is equal to 

that of a right-angled bend of length I along the centre line. 

Then if f is the proper coefficient corresponding to the 

diameter, velocity, and roughness in the ordinary formula for 

pipe friction, 

/ 4^_ t^4f 

^ = W/C .... 

Taking ^=0005 for a 30-inch asphalted 
lengths equivalent to a right-angled bend are as lb] 
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p=021 


•031 


•050 


•083 


•125 


•21 




R/(2 = 24 


16 


10 
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2 4 




VI= 1-8 


1-84 


2-36 


30 


31 


3 6 
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39 


24 


16 
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fee 


«!= 169 


116 


92 


72 


49 


32 
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Zi-Z= 76 


62 


53 


48 


33 


33 


» 



It cannot be said that knowledge of the resistance at 
bends is satisfactory ; more experiments on an adequate scale 
are necessary. But it is fairly certain that the additional 
resistance at a bend over that of a straight pipe of equal 
length is not, for practical calculations, a very large or serious 
quantity when the resistance of long mains is in question. 

99. VaJves, cocks, and sluices. — These contract the 
section of the pipe, and there is a further contraction of the 
stream passing the sluice, and an abrupt enlargement of the 
section of the stream causing loss of head by shock. The loss 
of head may be expressed by the relation 



"-4 



(26), 



where v is the velocity in the pipe beyond the sluice where 
regular motion is re-established. 

Pipe of rectangular section. — Section at the sluice, wi ; 
in pipe beyond the sluice, co. 
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Sluice in cylindrical pipe. — Let p = A/H be the ratio of 
height of opening to the diameter of the pipa 
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p=i-o i i I i i i i 



(II 



-i = l-0 0-95 0-86 0-74 061 47 32 -16 

(II 

f,-0-0 007 0-26 0-81 21 6-6 170 97*8 

Some experiments by Kuichling on a 24-inch sluice in a 
cast-iron main gave the following results : — 

p = 0-66 0-60 0-60 0-37 026 018 

it = 0-8 1-6 3 3 8-6 22-7 41-2 

It will be seen how very largely the pressure beyond the 
sluice is reduced when the valve is much closed. The form of 
the valve casing has a good deal of influence on the resistance. 
With various forms of casing the resistance when the valve or 
sluice is full open may amount to from two to sixteen times 
^72(7. 

100. Flow in a main in which there are secondary 
resistances. — The equation for the velocity of flow becomes 
too cumbrous if expressions for the secondary resistances are 
inserted. It is best to proceed by approximation. Let H be 
the total head in the length I. Then taking account only of 
the inlet resistance and skin friction an approximate value of 
the velocity v can be found from the equation 

Knowing this approximate velocity, the losses of head due 
to the secondary resistances can be calculated. Let h = the 
sum of these losses. Then a more approximate value of v can 
be found from the equation 



Problems. 

1. Find an expression for the relative discharge of a square and a 

circular pipe of the same section and slope. 1*062 to 1. 

2. A pipe is 6 inches in diameter, and is laid for a quarter of a mile at 

a slope of 1 in 50 ; for another quarter of a mile at a alope of 
1 in 100 ; and for a third quarter of a mile is leveL The 
surface of the supply reservoir is 20 feet above the inlet^ and 
that of the lower reservoir 9 feet above the outlet TJiiiig 
Darcy's coefficient for clean pipes, find the diiwliaige. 
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draw the hydraulic gradient aod mark the pressure li 
at each quarter mile. 0-824 cubic foot per second. ' 

A pipe, 2000 feet long, discharges Q cubic feet per second. Find 
bow much the discharge would be increased, if for the last 
1000 feet a secoiul equal pipe was laid alongside the first, and 
the water allowed to flow equally through both. Show by »! 
sketch bow the hydraulic gradient would be altered. T 

Ratio of discharge V8 to s/b. ' 
A reservoir, the level of which is CO feet above datum, diacharges 
into a reservoir 30 feet above datum through a 12-inch pipe 
6000 feet io length. Using Darcy's coefficient for clean pipes, 
find the discharge. 2'710 cubic feet per second, 

B. The levels of the pipe in the last question are : at the upper 
40 feet; at 1000 feet, 25 feet; at 2000 feet, 12 feet; 
aOOOfeet. 12 feet; at 4000 feet, 10 feet; at the lower 
15 feet above datum. Sketch the line of Uydraulio 
gradient, and write down tlie pressure in the pipe at each of 
theae pointe. 

ft A pipe, 9 inches in diameter, connects two reservoira one mile 
apart, the water -Hurfacea being 100 feet and 47 feet abovo 
datum. UBUig Darby's coefficient for incrusted pipes, find the i 
velocity and discharge. 

3'3 feet per second ; 1*40 cubic feet per second. \ 
A pipe is 1500 feet long and 6 inches in dinnieter. It is t 
diieharge 50 cubic feet of water per minute. Find the loss of fl 
head in friction and virtual slope. Use Darcy's coefficient for j 
clean pipes. 196 feet ; 0013. i 

WhAt is the head lost per mile in a pipe 3 feet diameter discharg- 
ing 6,000,000 gallons in 24 hours : («) when new ; (6) when 
incrusted. 10'7 feet; 21-5 feet, 

A pipe ia to supply 30,000 gallons per hour. The available head 
is 80 feet per mile. Find the velocity and diameter (a) from J 
the approximate formula; (6) from the tabular value of f ■ 
corresponding to the approximate velocity and diameter. 

'571 foot and 5'2 feet per second. 

■577 foot and 0-10 feet per second. 

A water main has a virtual slope of 1 in 850, and discharges 

3S cubic feet per second. Find the velocity and diameter 

(a) approximately by assuming f = 00064 ; (b) more accuntdy 

by selecting a coefficient from the tables for asphalted cast iron. 

3-68 feet and 3*3 fuet per second. 

3426 feet and 3-80 feet per seoond. . 

It is required to discharge water froni a rtservoir through i 

bomontal pipe 6 inches diameter and 50 feet long. Head o 

inlet 20 feet. Find the diBcharge, taking into account I 

inlut resistance. ^= O'OOTS. .--.-. 

rcMrvoir. 

Find the diamater of a tww a 

per iriik', cApable of di 

per --...i..! 
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13. A pipe 12 inches in diameter and 1 mile in length delivers water 

from one reservoir to another with a difference of level of 
60 feet The surface area of the lower reservoir is 10,000 
square feet, and the water-level is observed to be rising at the 
rate of 11 inches per hour. Find the coefficient of friction ( 
of the pipe. 00174. 

14. A hydraulic main is 6 inches diameter; the velocity is 3 feet 

per second; and the pressure is 700 lbs. per square incL 
What is the gross horse-power transmitted. 108 H.P. 

15. Supposing the hydraulic main in the last question to be dean 

cast iron, find the loss of pressure in pounds per square inch 
per mile, and the percentage of the eneigy transmitted wasted 
in friction. 14*1 lbs. per square inch ; 8*01 per cent 

16. A horixontal pipe is in three sections, each of 1000 feet in length, 

and of diameters 10 inches, 12 inches, and 15 inches respec- 
tively. The discharge is 5 cubic feet per second. Taking the 
coefficient (aOOl, find the loss of head in friction in eadi 
length, and the change of presBure at each abrupt change of 
diameter. Friction » 6*90, 3*96, and 2*03 feet 

Pressure change, 0*555 and 0*288 foot 

17. Taking the pressure at the inlet of the pipe in the last question to 

be 25 feet, draw the hydraulic gradient with a vertical scale 
fifty times the horixontaL 

18. A pipe connects two reservoirs 1000 feet apart with a difference 

of surface-level of 20 feet If a sluice at the outlet into the 
lower reservoir is partially closed so that the discharge is 
reduced to one-half, what will be the change in the hydraulic 
gradient ? 



CHAPTER IX 

DI8TR1BDT10N OF WATER BY PIPES 

01- Town supply. — The amount of water supplied per head 
1 different towus varies very greatlj. JTor ordinary domestic 
purposes 12 galloua per hejid ptr day ia a small supply, and 
16 to 20 gallons an ample supply. For trade and manu- 
facturing purposes 6 to 12 gallons per head per day is 
luerally sufficient. But in a great many towns the supply 
I lai^er, and in some cases this is due to waste of water by 
i from the mains. In some towns in the United States 
^lie supply reaches 100 to 150 gallons per head per day. 
The demand for water varies, being small at nighl and greatest 
at certain hours in the day. In designing water-mains it is 
usual to assume the maximum rate of flow to be double the 
moao rate. In laying new mains a further allowance is made 
for the prospective increase of population. 

The greatest statical pressure in the mains is in ordinary 
cases 200 to 300 feet of water, and with commercial fittings 
a higher pressure is undesirable. The lowest pressure which 
should be provided at points of delivery to consumers is 80 
to 100 feet. If a district varies considerably in level it is 
divided into zones, in each of which the difference of level does 
not exceed 80 to 100 feet. An independent supply from a 
service reservoir at least 200 feet above the lowest point in 
the Kone is provided. Sueh service reservoirs are fed by a 
trunk main from the source of supply, and usually contain 
three or more days' suiiply in case of accident to the main. 
The distributing maina are calculated so that when losses of 
head arv- allowed I'or there is aduqiiato preasure at all poiuta 
of delivery during the hours of maxioi «l. 

The SDueB are dividud int <«ith an 
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independent supply, and these districts vaiy in area with the 
population. One reason for this is the desirability of control* 
ling waste of water hj waste-water meters, through which the 
supply to limited districts can be passed and measured. The 
smallest mains used are 3 inches in diameter, but generally 
mains are not less than 4 or 6 inches in diameter. 




Fig. 95. 



102. Water-supply main. — Fig. 95 shows the general 
arrangement of a water-supply main connecting a storage 
reservoir A and a service reservoir B. The line of hydraulic 
gradient is drawn from the lowest level in A to the highest 
in B, the condition in which the rate of flow will be least 
The pipe line follows generally the contour of the ground, but 
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is everywhere below the hydraulic gradient. At C is a stream, 
where the pipe line may be carried under the stream by a 
specially constructed steel pipe, termed a siphon, or over it on 
a bridge aqueduct. At D is a valley, which may be crossed 
by a siphon, or the pipe may be carried on piers. If high 
ground occurs on the route it may be necessary to place the 
pipes in a tunnel to avoid rising above the gradient Another 



way of dealing with rising ground between the inlet and outlet 
is to adopt a main with pipes of two diameters. Thus, in Fig. 
96, the rising ground at C prevents the adoption of a uniform 
hydraulic gradient from A to B, Then a larger pipe must be 
used &om A to C, giving the required dischai^e on the flatter 
gradient ; and a smaller pipe may be used from C to B, giving 
the same discharge on the steeper gradient. 

As to the pressure in the main when the outlet is full 
open, the pressure in feet of water at any point is the vertical 
intercept between the pipe line and the hydraulic gradient. 
But if a valve at the outlet is closed and the water is 
stationary in the main, the pressure is the vertical intercept 
between the pipe line and the horizontal AF, Hence gener- 
ally the strength of the pipe has to be calculated for this 
latter pressure, if under any circumstances the outlet can be 




cloaed. Any regulation of the flow at the outlet increases 
the pressure in the main. In certain cases, to reduce the cost 
of the main, there is no valve at the outlet, and regulation of 
flow is effected entirely by a valve at the inlet. In that case 
the pressure at any point is never greater than the height to 
the hydraulic gradient. 

103. Break-pressure reservoirs. — When a water-main 
is of great length, and when there is a large fall Ha between 
the supply reservoir at A and the final service reservoir- at 
B, it ia often necessary to introduce intermediate balancing 
or break-pressure reservoirs, such as those shown in Fig. 97 
at C and D. The general hydraulic gradient is the line AB 
from the surface-level in A to the surface-level in B, and for 
: his gradient and the rettoired discharge Q the diameter of 
ill! pipes inu*t. h 'f there are no inter- 

medialc n at any point 
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when the pipe is delivering the full discharge will be the 
height from the pipe to the hydraulic gradient AB. So fiur 
as this condition of things is concerned, intermediate resenroin 
are not necessary. But in the working of the main theie 
must be times when the delivery of the main is decreased, 
and the pressure in the main will then be greater; there 
must be times when the delivery is stopped, and then the 
pressure at any point in the main will be the hydrostatic 
pressure due to the depth of the point below the surface-level 
in the supply reservoir, or, what is the same thing, the height 
from the pipe to the horizontal A£. Thus at D the hydro- 
static pressure would be Hj, and at B, H,. Hence, as respects 
strength, the pipe must be calculated for the hydroetatio 
pressure in the main when the delivery is stopped, and this 
may involve inconvenient thicknesses of pipe and unnecessary 
cost. By talking the pipe line so as to reach at C and D the 
level of the hydraulic gradient, and introducing balancing 
reservoirs there, into which one length of main discharges and 
from which another receives its supply, the pressure conditions 
are ameliorated. With full delivery the hydraulic gradient 
is AB as befora But when the delivery is stopped, the 
hydrostatic pressure in each length can never exceed that 
due to the nearest higher reservoir. Thus at C the pressure 
cannot exceed A^; at D it cannot exceed ^2) ^^^ at B it 
cannot exceed h^ 

104. Loss of head in a main consisting of sections of 
different diameters. — ^Two cases may be considered, (a) The 
discharge may be taken to be constant throughout the main. 
(b) The velocity may be taken to be constant throughout, 
portions of the flow being abstracted by branch mains at each 
change of diameter. 

(a) Constant discharge. — Let Q be the discharge, rfj, d^, d^ 
the diameters, and /j, I2, Is the lengths of the sections of the 
main. Then the velocities are 

The losses of head due to friction are 
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where, in approximate calculations, a common mean value can 
be selected for f. The total loss of head due to friction is 
a 85, eq. (44)] 

B • i, ♦ 4, + A, 



', 



(!)■ 



v^-^ 



(6) Conttant velocity in the main, the discharge diminish- 
ing from sation to section. — Let Qi, Qj, Q, be the discharges 
in the snccessive sections, cf„ di, d^ the diameters, and Ij, l^, Ig 
the lengths of the sections, and let v he the common velocity 
throughout the main. Then the diameters must be lixed by 
the relations 

Introducing these quantities into the ordinary equation for 

loss of head in friction, the total loss is [§ 95, eq. (26)] 

^xhe secondary losses of head are neglected in these equations, 
and usually have to be allowed for by an addition to H, 
determined by experience in similar cases. 

1 05. Equivalent main of uniform diameter. — It sometimes 
ilitttteti calculations of loss of head to substitute for a main 
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/j, /,, /g... of diameters d^, rf^, d,.... It is required .to 
find the length / of an equivalent main B of diameter d. 
Let Vi, v^ v^... be the velocities in A, and v the velocity in 
B, with any discharge Q. Since the loes of head in B is to 
be the same as that in A, from § 95, eq. (2b), 



d, 

where a common mean value can be selected for ^. But 



Q=J^=J^iS=?»S' 



^ 



(P 



(P 



Consequently 



5^' *«~*^' "'"V 



I d*L d^L d*L 

— ^ — 4 4- ¥ + — 12 4. 

d d,^^d,^^d^^* 



(3), 



which is the length of the equivalent main. 

106. Main in which the discharge decreases nrnfimnly 
along the length. — In street mains water is delivered into 
branch mains or service pipes, so that the discharge pro- 




-l 



Fig. 99. 

gressively decreases. It is useful to consider a limiting 
in which the volume of flow in a main of uniform 
decreases proportionately to the length. Let AB H 
pipe supplied from a reservoir, and DE its b'' 
Let Q cubic feet per second be supplied at / 



«* 



IS DISTKIBUTION OF WATEK BY PIPES 

Bervice pipes uniformly along the route, so that the pipe losea 
g = Q/l cubic feet per second per foot run. Let C be any point, 
AC = x, AB = /, h, = the virtual fall from A to C, A, = the 
virtual fall from A to B, and rf = the diameter of the pipe. 
The volume of flow at C is Q, = Q — gx. In a short length 
<iE at C the head lost is [g 95. eq. (ib)] 

Hence between A and C the head lost is 



A, =0-1008^ {q-gxydi 



•'a 



Jo 



.Q. + SI. 



i,.0-1008;^ Q>tQ^" + JjW . 



4, - OlOOsJi ^ - O-IOOsJ, ^^' 



(5)- 



In other words, the total loss of head is precisely one-third 
of what it would be if the flow was uniform along the pipe 
instead of uniformly decreasing. The line of hydraulic 
dient in thia case is a cubic parabola ; that is, assuming as 
that lengths measured along the pipe do not sensibly 
r from their horizontal projections. 
, SeternLination of diameter of pipe which delivers water 
n)ute. — Suppose a pipe of uniform diameter d 
4t of water per second at the inlet and 
'*. X feet from the inlet, having diatri- 
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buted qx cubic feet uniformlj in tbat distance. From the 
equation above, the loss of head in the distance z is 

Now let 

Then in a simple form, similar to that for pipes in which the 
discharge is uniform klong the length, 

A*=0-1008|q'« . . . (6). 

But Q' is greater than Qg + ^qx,axid is less than Q,+ 
--7^; that is, Q' lies between Q^ + O'bqx and Qjp + 0'57^ 
As an approximation, let Q' = 0.+ 0*5 5^a; ; 

A* - 01008^0. + 0-655a:)« . . (7). 

So that if the pipe is calculated for the discharge Q^ at the 
outlet end plus 0*55 of the delivery qx en route, like a pipe 
of uniform discharge, it will satisfy the conditions. 

107. Pipe connecting a supply and a service reservoir, 
and delivering water en route. — Let / be the length of the 
pipe, and h the difference of surface-level in the reservoirs. 
During the night, when the consumption of water en route 
is zero, the pipe delivers from A to B (Fig. 100) a quantity of 
water given by the relation [§95, eq. (4a)] 

The hydraulic gradient is then the straight line AB. 

When the consumption en route reaches the value ql, Q' 
is received at A, and Q, = Q' — j/ is delivered at B. From the 
equation above, 

Q. = 3*149^ -^-0*55^/. . (8). 

If ql increases Q, diminishes till, when 

, 3149 /hd^ ^^^ /W« 
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the discharge into the 
gradient is then a cubic 
B. When the service em 
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the pipe is 
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FI9. 100. 

fed at one end by the reservoir A and at the other end by tbo 
reservoir B. The line of hydraulic gradient remains parabolici 
but its horizontal tangent is at some point C. 

Let Xi be the horizontal distance from A to 0, and x^ front 
G to B, and let h^ be the virtual fall from A to C. Krotii 
§ 106, eq. (5), 

A* = 0-1008 -^^V. 

and considering the section CB, 

A»-A = 0-1008i^, 

also l = Xi + Xf. These three relations deU^nitm Mty iSttm 1^ 
the quantities A, h^ d, q,Zi,z^ It may be wA^t'M ib*t 



t^i 
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'^U 



108. Bimhti f^ cMMCItef fmvrv f^m «4 (MImmA 

lords. — ^Lei A, B, C (?%. ittiyU^ lk«^ im^i^^^n ^//ttH^^/l i^f 
pipes as diomiu lii t^d^k^% ^ Pfn^ Im^A, ^mfh*»^M, 
dischaarge; sad ndsetof is ife f^ ilX > /^^ <ir^ ^^ <^ rnHH* 
qnsntiliss 1m JOL^ mAt^i^it^if^im Mp^ mt W ^ m tt^ 
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dimensions and positions of the pipes known and the discharges 
required. If a pressure column is introduced at the junction 
X the water will rise to a height XB, and oR, bR, eR will be 
the hydraulic gradients of the pipes. If the surface-level at 
B is above b, the reservoir A supplies B and C. If the sur£BU»- 
level at B is below b, the reservoirs A and B supply C. Gon- 










. AfLtum |«in« 



Pig. 101. 



sequently there are three cases — (a) B above 6, Qi = Qj + Qi ; 
(b) B level with 6, Qi = Q, and Q^ = ; (c) B below b, Qi + 
Q2 = Q2. To determine which case has to be dealt with, 
suppose XB closed by a sluice. Then there is a simple main 
of two diametera Let h^ h^,, h^ be the heights of the surface- 
level in A, B, and C above datum, and h' the height of B, on 
the assumption that XB is closed. Then by § 95, eq. (46), 



ha-h' 



to H 
O-lOOS^Vf 



A' -A, = 0-1008 



Wh 



d ^ 



(10), 



But in the condition assumed Qj = Qs. 

h'-hrw ' ■ ■ 

from which h' is easily calculated. If then h' is greater than 
A5, opening the sluice in XB will allow water to flow into 
reservoir B, and the case is (a). But if h' = h^, the case is (b) ; 
and if h' is less than A^, opening the sluice will admit water 
from B to C, and the case is (c). Having distinguished the 
case, the problem can be solved by approximation, choosing a 
new value of h between h' and hi,, and recalculating Qi^ Q^ 
and Q3. The problem is solved when, with the assumed f 





DISTKIBUTION OF WATER BY PIPES 



187 



F A, the relations of the discharges are those Btateil ahove. 
The approximation aeema cumbrous, but is really easy. 

109. Oompomid main. — It ia sometimes necessary to 

^^Upplement part of a main by one or more mains laid near it, 

^Kk between two points there may be several mains through 

^Hhich water can flow. Such a system may be termed a 

^ftonpound main. Suppose the points A and B are connected 

hy mains m, n, and p. Let Q„ Q^, Q, he the discharges of the 

mains, rf„ d„ dg their diameters, /;, /j, 1^ their lengths, and k the 

virtual fall or difference of level of the hydraulic gradient 

between A and B. The total discharge of the mains, from 

§ 95, eq. (ia). is 



Q,-^Qi + Q3=3 



■v^vrvfy^i- 



I is sometimes couvenient to calculate the diameter of a single 
livalent main having the same discharge as m, n, and p with 
B same virtual falL Let d be its diameter and / its length. 






(11). 



'1= ; ^''^^*+ Jd^^ W/i' - - (12). 

110. Hydraulic gradient of a pipe of variable diameter. 

At a change of diameter, where the velocity changes from 
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amount of which for different cases is discussed in § 97. 
Suppose for simplicity the shock losses neglected and that i 
mean value is selected for the pipe friction coefficient ^ Let 
Fig. 102 represent a main, the sections of which hin 
diameters d^, d^, d^..., and lengths li. If, h"'\ ^^^ let Q be 
the discharge. The losses of head due to pipe friction uft 
[§ 95. eq. (46)], 

Ai = 0-1008Q«CJS. 
A2 = 0-1008Q«f-Jv 



*! = 


v-v 


^9 


*2 = 


v-v 


29 


^3 = 


2<? 



At B there will be a gain of pressure head due to decrease 
of velocity from v^ to t^j > ^^ ^ ^^^ ^ there will be loss of 
pressure head due to increase of velocity from v^ to v^ and 
from ^3 to V4. The velocities can be calculated from the 
diameters and the discharge, and the changes of head are 

= 0-0252Q«(^, - ^,) 

-=0-«252Q<^,-l). 

The pressure head lost in giving velocity at the inlet is 

*.= ^=0-0252|,. 

With these quantities the hydraulic gradient can be drawn, 
and the total head lost, or virtual fall of the pipe, is 

H = ^j + Aj + • • • + ^0 "*" ^1 "*■ ^2 "*■ • • •• 

111. Cost of water-mains. — The cost of water-mains 
per foot run laid in the ground, with the ordinarily necessary 
appendages, is nearly proportional to the diameter, and is 
about 

C = 5rfto7rf . . . (13), 

where C is in shillings and d in feet. It can be deduced 
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on thie that it is mote ecaaotaical to delirer water frtnn 
■a point to another by a single pipe than by eereraL Hence 
■n than one pipe should be used onlj if the limit of size 
Ir a nngle pipe ia reached. The coet of the pipe* to convej 
given quantity of water from one point to another ia loit 
I the total qimntity to be conrejed ia greater. Th« whole 
ooat of a distributing system between given points incwaaee 
about as the |th power of the volnme of water distribated. 

112. CorroBloQ and incmxtation. — With noma qaalitiea 
of water, corrosion of iron mains ooeats. The commion takes 
the form of nodular or limpet-shaped masses, which in time 
become confluent and reduce the discharging cs[ttcity of the 
main, partly by reducing ita cron section and partly by 
increasing the roughness. With some other qualitiea of water 
incmetations of matter derived &om the water, such ae 
carbonate of lime, form on the pipe and have a similar dTect. 

In the case of some mains the discharge decreaaeo rather 
inpidly for some time after they are laid, in consequence of 
corrosion and incrustation. The timt case in which this was 
noticed was at Torquay, where the main had uot been coated 
with asphalt, the idea being that the pure surface-water from 
the Dartmoor hills would have little action on the pipes. 
But in eight years the discharge had decreased 5 1 per cent 
At that time Mr. Appold suggested scraping the internal 
earface of the main by scrapers driven through by the water 
pressnre. This plan was adopted, and after scraping, the 
delivery increased 28 per cent. The plan has since been 
adopted in many cases, and the discharge haa been increased 
by scraping by from 28 to 82 per cent in different cases. 
If scraping is adopted, however, it requirts to be repeated, 
for the protective coating of ruat and incrustation is removed, 
and thus, though slowly, the pipe is worn away. At Torquay 
the nodules of rust are ^ to ^^ inch in height after twelve 
months (Ingham, Proc. Inst. Meek. Engineers. 1873, 1899). 
In the case of Torquay the water from a granitic district has 
a serious action on iron, possibly from containing an acid 
derived from peat. The mutter removed by scraping con- 
tains about 38 per cent of oxide of iron, 43 per cent of sandy 
matter deposited irom the water, and 18 per cent of organic 
matter. At Soothamptoo, where the water is obtained from 
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chalk wells, the incrustation consists of 98 per cent of 
carbonate of lime, and a little sulphate of lime and iron oxida 
Well waters from the Old Ked Sandstone do not cause much 
corrosion or incrustation. Soft water appears to have greater 
action than hard water.^ 

The best protection against corrosion is to coat the pipoB 
with what is known as Dr. Angus Smith's composition. The 
pipes are heated in a cylindrical stove to about 600^ F. and 
then dipped in a bath of pitch and oil of sudi a consistencj 
as to produce a tough coating. Natural asphalt is preferred 
by some, with enough creosote oil to give a tough coat. In 
the case of steel pipes they should be cleaned in a sulphuric 
acid bath followed by one of lime water to neutralise the add, 
and then dipped in the asphaltic composition kept at nearly 
boiling temperature. 

Slime deposits in pipes carrying nnflltered water. — 
A serious decrease of discharge occurred in the first length of 
main of the Vymwy aqueduct, which has been traced to the 
growth of an organic deposit, and no doubt the same cause 
has operated in other casea The organisms are brought into 
the pipe with the water and attach themselves to the pipe. 
Thread-like organisms with a gelatinous sheath develop, and 
iron oxide is deposited in the sheaths, which continue to 
thicken. Solid particles in the water are caught by the 
gelatinous threads. Acidity other than carbonic acid always 
characterises water which produces this slime, and an 
appreciable quantity of iron in solution. Mr. G. F. Deacon 
has succeeded in removing the slime deposit by a kind of 
scraper with whalebone brushes which does not injure the 
pipe (I. C. Brown, Proc, Inst Mech. EngineeTS, 1903-4). 

113. Pipe aqueducts. — These are usually of cast iron, 
sometimes of steel, and in Western America of wood. Cast- 
iron pipes do not exceed 48 inches diameter, are cast in 
lengths of 9 or 12 feet, and have spigot and socket joints, 
the joints being filled with lead. Sometimes the pipe lengths 
have plain ends, and the joint is made by a collar forming a 
double socket in which lead is run. The pipes are almost 
always placed in a trench and covered to protect them from 

^ Figures of yarious types of pipe-scrapers are given in Proc. ImL CE. 
czvL p. 307. 
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frost. As a protection against corrosion they are heated and 
dipped vertically in a bath of pitch and oil, which forma a 
Bmooth hard coating and reduces the frictional resistance to 
the flow of water. Steel pipes are much thinner, and therefore 
if corroded lose proportionately more strength and are more 
liable to deformation by earth preaaure. But in some cases 
they cost less than cast iron, and can be made of larger size. 
They are made from jilates riveted, welded, or made with a 
special locking-bar joint which is as strong as the solid plate. 
They usually have collar joints run with lead. 

A pipe aqueduct is carried up bill and down dale 
necessarily below the line of hydraulic gradient, but otherwise 
at any inclination adapted to the contour of the country, and 
io aome cases a greater velocity may be permitted in a pipe 
than would be suitable for an open conduit. Changes of 
direction are effected by special bend pipes, or short straight 
lengths (about 3 feet) are jointed by double-socketed bevel 
collars about 12 inches long, the sockets being inclined to 
each other. 

The appurtenances of a pipe line are: — (1) Air valves, 
which are placed at every summit in the pipe line to permit 
the escape of air when the main is filled, and afterwards if any 
air is carried into the main. They are also placed on long 
Btretches of nearly level main. They are generally ball-valves 
lighter than water, which close the air vent so long as they 
are immersed, but which drop and open the air vent if air 
accumulates. (2) Scour valves are placed at the bottom of 
all depressions for emptying the main or letting out sediment. 

(3) Rejlvx valves on ascending parts of the main are flaji 
%'alve8 which open in the direction of flow, but which 
automatically close if a burst occurs and the water flows back. 
They diminish the damage done by escape of water at a burst. 

(4) Momentum, valves are also intended to limit tlie escape of 
water at a burst. A disc is placed in the pipe on an arm, 
counterweigh ted so that it is not moved by the ordinary flow 
of water. If a burst occurs the accelerated flow presses back 
the disc, and the arm releases a catch, and another set of 
weights cause a disc throttle- valve in the pipe to close 
gradually and arrest the flow of the water. (5) Sluice stop- 

B worked by hand or by a hydraulic cylinder for closing 
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the main or regulating the flow. In the case of large mains 
the pressure on a large sluice-valve is very great, and the 
force required to move the sluice when starting from the 
closed position is very great. Thus on a 36-inch valve, under 
250 feet of head the pressure would be nearly 50 tons, and 
the frictional resistance to moving the valve perhaps 7 tenia 
To fjEudlitate opening, the valve is sometimes divided into 
three parts which can be opened separately. In other caeeB 
the valve is made about one-third the area of the pipe. The 
pipe is gradually contracted to the area of the valve and 
gradually enlarged again. Then, though there is some loss of 
head at the valve it is not very serious. 

In a long main the flow is usually controlled by a sloioe 
at the lower end. In that case, although the pressure in the 
main when water is flowing is only the pressure due to 
the depth below the hydraulic gradient, yet when the sluice is 
closed and the water at rest, the pressure is that due to the 
depth below the supply reservoir. The strength of the pipes 
must therefore be sufficient to sustain at all parts the statical 
pressure due to the depth below top water-level in the reservoir. 
In the case of the East Jersey main, Mr. Herschel has placed 
the controlling sluice at the inlet to the main, directions for 
regulating it being transmitted from the outlet end by 
telephone. In that case the pressure in the main cannot 
exceed at any point the pressure due to the depth below the 
hydraulic gradient. The adoption of this plan permits a 
material saving of thickness and cost in the pipes. 

114. Examples of pipe aqueducts. — (1) The Vymwy 
aqueduct. — This aqueduct carries 40 million gallons per day 
from the reservoir at Vyrnwy to a service reservoir at 
Liverpool, a distance of 68 miles. The water first passes 
through the Hirnant tunnel of 7 feet diameter and 3900 yards 
long, and for nearly the whole of the rest of the distance 
through three lines of cast-iron pipes, each 42 to 39 inches 
in diameter. As the statical head on the main would be 
excessive if the pipe line was continuous, the total fall from 
Vyrnwy to Prescot being 550 feet, balancing reservoirs have 
been constructed at five points, breaking the pipe line into 
stretches each having its own hydraulic gradient and a 
maximum statical pressure due to the level in the 
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ing it. The g:reateet pressure at an; point is 317 feet of 

One of the 42-tiich pipe lines, after being laid twelve 

, with an hydiaulic gradient of 45 feet per mile, dia- 

larged 15 million gallonn per day. This gives a velocity of 

92 feet per second, and a coefficient 5'= 0'00574- 

(2) East Jersey steel aqueduct, for the supply of 

■ewark and other towns in New Jersey, U.S.A. — This consists 

Hteel riveted main, 48 inches in diameter and 21 miles 

Hig, with a maximum pressure of 340 feet of head- It 

i 50 million U.S. gallons per day, the velocity in the 

Kin being about 6 feet per second. The chief peculiarity of 

9 main is that the cross-joints are riveted, so that the pipe 

f a continuous riveted structure without provision for expan- 

It is calculated that the cross-joints are strong enough to 

^^aist the etresaea due to 46° F. change of temperature without 

allowing for any assistance from the friction of the ground. 

II (3) The Coolgardie pipe line.— The longest pipe line is 

j^Bliat through which water is pumped from a reservoir at Perth 

^^m Coolgardie and Kalgoorlie, Western Australia. Coolgardie is 

^^fii a tableland which is one of the driest places in the world. 

A daily supply of 5,600,000 gallons is pumped through a 

30-inch steel pipe of the locking-bar construction with collar 

joints run with lead. There are eight pumping stations. 

The distance from the storage reservoir to the service reservoir 

at Coolgardie is 303 miles, and there is a rise of 1290 feet in 

that distance. From the service reservoir the water gravitates, 

the total length from Perth being 351^ miles. Most of the pipes 

are ^ inch thick, which is sufficient for heads up to 250 feet. 

They were coated with a mixture of one part asphalt and one 

part coal-tar, and sprinkled ou the outaide with aand while 

hot In a test the following results were obtained, the pipes 

being new and olean : — 



F»t per Mile. 


Vdooily. 
Fwt per BaeoQd. 


Delivery. 
GaUam per Day. 


Value or r. 


1 8'SO 
1 3-80 


1889 
2116 


6,000,000 
5,600,000 


■00480 
-0047S 




$ltB pomping plant a loss of head of 3'76 
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feet per mile has been allowed for, to provide against 
contingencieSw 

115. Pamping maiiL — It is a common case that ivater 
has to be raised by pumping from a river to a reservoir, from 
which it gravitates to the town supplied. In that case the 
lift of the pumps H is known, the length of the pamping 
main /, and the volume Q which must be pumped per second. 
In deciding on the diameter of the rising main, it must be 
considered that while the smaller the main the less its C06t,(m 
the other hand the greater will be the cost of the pumping 
engines and the annual cost of pumping, because the fiictional 
head to be overcome will be increased. Usually, for vaiioni 
reasons, the velocity in the pumping main is restricted to frcm 
1^ to 4 feet per second, but within these limits a diameter of 
main can be found which is the most economical 
Let 

I = length of main in feet. 
Q = volume pumped in cubic feet per second. 
d = diameter of main in feet. 
H = total lift from river to reservoir. 
h = frictional loss of head in main. 
p = cost per I.H.P. of pumping engines, including the 

capitalised cost of maintenance and working. 
q = the cost of the main per foot of diameter and per 

foot of length, including cost of laying. 
N = total I.H.P. of the pumping enginea 
rj = the mechanical efficiency of the engines. 
The total cost of the installation of engines and main is 

C=^pN + q<U. 

The frictional loss of head in the main is 

A = 0-1008^. 
d^ 

Consequently 

N = ^&±^ = 011iQ(H . 01008i|^). 

550?; V ^ ^ / 

Inserting this value, 

C= •113?^(h + 0-1008-^) +j(«, 
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In practice, d/^CJ is from 0'75 to 10. For instance, in the 
Coolgardie main 

116. Suction pipe of pninps. — Let b be the height of 
the water barometer or atmospheric pressure in feet of water, 
and A the height from the water-level in the suction well to 
the bucket of the pump, h must be less than b in anj case, 
or pumping is impossible. Let fl be the area of the pump 
bucket and to tlie tirea of the suction pipe, r the radius of the 
crank and n the number of revolutions per minute. The 
average speed of the cmnk pin is m = 2Trrnj%0 feet per second, 
and the connecting rod being supposed long the velocity of the 
pump bucket is v = u sin a, where a is the crank angle from 
the lower dead point. The acceleration of the pump bucket 
at the beginning of its stroke is /= n-jr. The corresponding 
acceleration of the water in the suction pipe is 

Let / be the length of suction pipe. The weight of the water 
which must be accelerated is Gw/. The pressure acting on 
the water to make it follow the piston is 0(6 — A)a>, and this 
will produce an acceleiation 



G(6- 



GU 



_(b-h)g 
I 



order that the water may follow the pump bucket, 
(ft - h)g = fiw' 
I >a, r' 

Btituting for u its value above, the greatest speed of the 
Bip is given by the relation 

^the Hpeed exceeds this the water will separate fi-om the 
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bucket at the beginning of the stroke and overtake it after- 
wards with a shock. This may be prevented bj incieaong 
the area eo of the suction pipe, or to a great extent by pladiig 
an air vessel on the suction pipe near the pump. 

117. Water hammer. — When a valve in a long water- 
main is rapidly closed, the velocity of the column of water 
behind the valve is retarded and its momentum is destroyed 
To change the momentum of the water, a backward force must 
be exerted by the valve on the water, or conversely a forward 
pressure is exerted by the water on the valve and pipe, which, 
if the action is rapid enough, produces a shock termed water 
hammer. This action is dangerous, and causes in many cases 
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Fig. 108. 



fracture of the pipe. It is provided against by arrangements 
which prevent a rapid closing of important valves. 

If a steam-engine indicator is fitted to the pipe, with an 
arrangement for moving the recording barrel uniformly, a 
diagram such as is shown in Fig. 103 is produced, the abscissae 
being time and the ordinates pressure. Pq is the statical 
pressure in the pipe when the valve is closed ; pi is the initial 
pressure with the water flowing before the valve begins to 
close. If the valve begins to close at rf, the pressure rises to 
a maximum at e which is in excess of the statical pressure 
Pq by an amount p. oJ is the time of closing the valva 
Waves of pressure follow, gradually diminishing till the water 
in the pipe comes to rest. 

Professor Carpenter made some experiments on a pipe iJL- 
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inches in diameter, with a i-inch bib-cock at the end. The 
foUowing were the pressures registered when the cock was 
suddenly closed. There was a small air chamber near the 
valve, which in one set of tests was filled with air and in 
another with water. 



Gauge Pheskhrhs in 1J-inoh Pipk 





AlrChunbor. 


Water Cbunbu. 


Static pnmm, Ibe. per sq. in. . 
Number of impacts , 

Maiinmm preasure . 
MinimuiD presBure 


S9 
8 
67 


28 



76 
9 



Consider a column of water In the pipe of unit cross 
section, exteodiog back from the valve a distance / feet. The 
weight of this column is Gl lbs. If the initial velocity of 
the water is v, the momentum of the column is Glvjg second- 
pounds. If p„ is the mean pressure per unit area exerted in 
■topping the momentum, and t the time of closing the valve, 

The maximum excess pressure exerted is Po + p—p,', and if 
the mean preeiiure is taken to be half this, 

K P=2GW?(-J'o+i', - - (16). 

■The late « at which a pressure wave is transmitted through 
water is about 4500 feet per second. Hence Iju seconds must 
be occupied before the effect of closing the valve reaches the 
distance / from the valve, and a further time Ifu for the 
pressure due to changing momentum at a distance I is trana- 
mitted back to the valve. Hence if the time of closing the 
nlve is less than 21/m. that time must be substituted for t 
I the equation, and then 

. . . (17). 
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|> = 60r-|)o+l>r 

The first equation is to be used if < is greater than 2/2250 
seconda This equation gives j? = 0, if 



< = or 



'027fa 



. m 



which is the condition to be satisfied in closing the Talve if 
there is to be no water hammer. The theory involves scnne 
assumptions, and must be taken only as a general guide. 

Some very elaborate experiments on water hammer in 
pipes were made by Joukowsky at Moscow (Stoss in Waster'' 
leitungsrohren, St. Petersburg, 1900). He used pipes 2, 4, 
and 6 inches in diameter, and 2494, 1050, and 1066 feet in 
length. The valve was closed in 0*03 second. Ten recording 
gauges placed along the pipes showed that the maximum 
pressures were substantially the same at all points. 

The following table gives some of the results : — 



Values of Tp-\-TpQ-Pi Lbs. per Square Inch 



4 -inch Pipe. 


6-iDch 


Pipe. 


- 


Velocity v. 


P-^Pa-Pv 


Velocity r. 


P-^P^-Pv 


0-5 


31 


0-6 


43 




1-9 


115 


1-9 


106 




2-9 


168 


30 


173 




41 


232 


5-6 


369 




9-2 


519 


7-5 


426 





CHAPTER X 

LATER INVESTIGATIONS OP FLOW IN PIPES 

118. The different elementary streams which go to form the 
flow through a pipe have different velocities parallel to the 
axis of the pipe ; those near the sides are retarded by what is 
often termed skin friction, and these in turn retard those 
adjacent to them, and so on till the central elementary stream 
is reached, which has the greatest velocity. It has not been 
found possible to construct a rational theory of flow which 
takes account of this distribution of velocity, except at very 
low velocities. But experiment shows that the resistance to 
flow involves a loss of energy or head which is proportional 
to the area of the surface of the pipe and to some function of 
the mean velocity parallel to the axis of the pipe. The 
assumption on which the Chezy formula is based is that 

i-r^ .... (1), 

the resistance varying directly as the square of the velocity. 
In a memoir by Prony in 1804, discussing all the experiments 
then made, that engineer suggested the expression 

j-y = ««^ + ^ . . (2), 

in which, for metric measures, 

a = 000001 73, b = 0000343, 
and for English measures, 

a = 00000173, J«0-0OAi-^-t 

corresponding to {^»'007^^^ This 
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binomial expression is exceedingly inoonvenient for calcalation. 
It meets the condition that at low velocities the lesistanoe 
varies as the velocity, and that at high velocities it varies 
nearly as the square of the velocity; but it makes the transition 
gradual, whereas it is now known to be abrupt. 

119. Kutter's formula for pipes. — Messrs. Gangaillefc 
and Eutter, in a laborious investigation on the results of the 
gauging of streams, arrived at the following complicated 
empirical formula. Let n be a coefficient of roughness, de- 
pending on the character of the surface of the pipe, and m its 
hydraulic mean radius, t the virtual slope, and v the mean 
velocity ; then, for English measures. 



v = 



■ , ^ 1-811 00281 

41-6 + + ; — 

n f 

\ /,, ^ •00281\ n 



s/m^ 



s/nU . . (3). 



There is no good reason for thinking that this formula iB 
specially accurate for flow in pipea Indeed, it is knovm not 
to accord with experiment for small values of i or for small 
diameters of pipe. But it has been adopted by some engineers, 
and therefore requires to be mentioned. The usual value of n 
assumed for clean pipes is 0013. If in the term 0*00281/t, 
which is usually relatively small, i is taken as 0*001, and n 
is taken at 00 13, the formula reduces to the simpler form 

183-72 ., ., 

, 0-5773^^ ^' 
1 + 



J 



m 



or, to put it in a form comparable with the more usual 
equations, 

/■^ Jd ) v' di 



{ 



"52 4V"" ^2^^ ' * ' ^^''^' 



where the first term on the left corresponds to {" in the Chezy 
formula. 
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120. Defects of the Chezy formula.' — The Chezy 
fornitila is extremely convenient, but involves, if reaeonabli' 
accuracy is required, the selection of the coefficient ^ amougsL 
a wide range of values. The variation of f depends on the 
following conditions : — 

(1 j In the case of moat pipes the loss of head h does not 
so fast aa the square of the velocity v. Consequently 
f must have values which decrease as the velocity ia greutAr. 

For instance, in a glass pipe on which Darcy experimented, 
f changed from 0010 for a velocity of half a foot per liccond. 
to 0'0062 for a velocity of 7 feet per second, a decrease of 

percent. In a new cast-iron pipe f decreased from 0"0114 
at half a foot per second to 00064 at 10 feet per second, or 
ecrease of 50 per cent, 

(2) Darcy showed that ^ decreases as the size of the pipe 

larger. Thus, taking Darcy's experiments on new caHl- 

iron pipes: — 



VdocltiflB. 
FmI per Swoad. 


ViliiM of f for mjwater. of 


0'27 1«el. 


0-45 fsL. ' 0-Sa fMt, 


0-6 
1(M) 


■oiu 

-0064 


■007a -0069 
-0049 -0054 



•Iw^ 



The results are not quite couaistent, but they slu 
considerable decrease in j^ as (2 iacreaaeA. 

(3) The value of ^ changes with the cjndltion of the 
inside of the pipe. For asphalted, new, and corroded \>i\t>m 
the valoee of 1^ were proportional to I, 1^, and 3 in some of 
Daicy'a experiments. 

Tb* dlaonniOQ givm heta io BbbrtrUtad fom « 
•nthor in Induttria id \bS6. 



202 



HYDRAULICS 



CHAP. 



(4) The experiments of Mr. Mair, agreeing with the 
author's own experiments on discs, show that the resistance 
decreases as the temperature increases. Thus, for a clean 
brass pipe, 1^ inches diameter, Mr. Mair obtained the follow- 
ing values : — 



At Velocities in 
Feet per Second of 


Valaei of (" for Temperatures of 


56' 


90* 


160* 




•0047 
•0062 


•0042 
•0044 


•0035 
•0038 



Alterations of at least 25 per cent for 100** F. 

A coefficient which has four independent causes of varia- 
tion, all of them so large, is not very useful for practical 
purposes. To get over the difficulty, a formula must be found 
with more than one constant derived from experiment, and 
which expresses more nearly the true law of resistance. 

It is many years since M. Barr^ de St. Yenant proposed 
a formula with two arbitrary constants. This is of the form 



d h 

4 I 



n 



• (4). 



where vx and n are constants derived from the experiments. 

12 
M. de St. Venant deduced the values n = -=- and m = 0*0002955 

for metric and 0*0001265 for English measures. When this 
is written in logarithmic form, 

log m + n log t; = log (^- — j . . (5), 

we have, as St. Venant pointed out, the equation to a straight 
line, of which m is the ordinate at the origin and n the ratio 
of the slope. Hence, if the logarithms of a series of experi- 
mental values of h and v are plotted, the determination of the 
constants is reduced to finding the straight line which most 
nearly passes through the plotted points. 

In a remarkable memoir on the influence of tempeiatnre 
on the movement of water in pipes by Hagen (Berlin, 1^ 





INVESTIGATIONS OF FLOW IN PIPES 203 
lother modification of the St, Venant formula waa given; 
h mv" 



lis inrolves three coefhcients, derived from experimeDt. la 
e experimeots examined bj Hagen, he found 



. (6.), 



which wi was nearly independent of variations both of 
V and of d. But the range of values of d examined waa 
small. 

It is obvious that this form of the equation of flow is 
very advantageous, even regarded as an empirical formula, 
for the three constants, n, x, and m, can be taken so as 
separately to allow for the three principal causes of vuriation 
of resistance: the variation of velocity, of diameter, and of 
roughness of surface. 

In a very interesting paper in the TraiisacHons of the 
Royal Society, 1883, Professor Reynolds has made clearer the 
causes of the change in the character of the motion of water, 
rom the regular stream-line motion at low velocities to the 
jddying motion which occurs in almost all the ciases with 
irliich the engineer lias to deal. Further, partly by reasoning, 
»rtly by induction from the form of the curves of experi- 
lents when plotted, he has suggested the general equation 



<r«)" 



as applicable both to the case of undisturbed motion and of 

Idying motion. The constant n having the value 1 for low 

tfocities and untliaturbed motion, and a value ranging from 

' to 2 for greater velocities. Professor Reynolds's formula 

jducee to the form 

-„I"- .... (7), 
temperature. Neglecting 



I 
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variations of temperature, Professor Beynolda's formula is 
identiwil, for velocities not very small, with Hagen'a formula ; 
with the exception only that in Reynolds's formula the indices 
of (i and of V are related, so that there are only two indepen- 
dent constants instead of three. For the purpose of obtaining 
the coefficients from experiment, Hugeii's formula is the more 
convenient. 

121. The experimental data available. — The earliest 
experimeots on flow in pipes were made by Couplet in 1732, 
and since that time a considerable number of experiments 
have been made. In selecting from these it must be borne 
in mind that it is extremely desirable to exclude from in- 
vestigation any experiments that are really untrustworthy. 
No good result can be got by averaging accurate and erroneous 
results. On the other hand, it would be absolutely wrong 
in principle to exclude results from examination merely 
because they did not appear to fit in well with some empirical 
law. 

All experiments may be at once excluded in which the 
means of measuring the loss of the head or the quantity 
discharged were unsatisfactory. All experiments may also 
be excluded in which the condition of the surface of the pipe 
was not noted. With these exclusions, the number of experi- 
ments remaining to be examined is greatly reduced. 

Of these experiments, by far the most complete and, 
valuable is the series of experiments on 17 pipes by Henry 
Darcy. The care and insight witli which these experiments 
were made, and the skilful variation of the conditions of the 
experiment, are worthy of the highest praise. Of all the 
conditions to be noted in experimenting, there is only one 
the importance of which did not occur to Darcy. In many 
cases he neglected to observe the temperature of the water. 

There is, however, one anomaly in Darcy'a experimenta 
which cannot now be fully explained, and the nature of which 
can perhaps best be seen in the plottings of some of his 
results. Darcy measured the loss of head in two successive 
&0-metre lengths of his pipes. Now, in almost all cases his 
results show a rather greater loss in the second 50-metre 
length than in the first, and this is really not intelligible. 
On the whole, the author is inclined to think that the 
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measarementa ia the first 50-metre length are more reliable 
than those ia the secoad, and only the measuremeiita of 
head lost in the first 50-metre length are used in these 
reductions. 

From Darcj's experiments have been taken the results 
on new, cleaned, and incriisted cast- iron pipes, those on 
wrought-iron gas-pipes, and those on lead pipes. These 
pipes ranged in diameter from 0-0122 to 0"5 metre, or as 
40 to I. For each pipe the experiments began with a very 
small loss of head, often only 0'02 metre in 50 metres. The 
author has excluded the observations in which the loss of head 
was less than 0"! metre, partly because some of the experi- 
ments with these very small heads correspond to conditions 
of undisturbed motiou, for which the law is difiereiit. and 
partly because the errors in observing very small heads are 
likely to be relatively large. Up to 6 metres of head the 
heights were measured by a water column, and beyond that 
by a mercury column. Now, as the observations witli the 
water gauge give ample range of velocities for the purpose 
in hand, and as the observations with the mercury gauge at 
high velocities were, as Darcy mentions, carried out with 
great dilttcuUy, the former only have been used in these 
reductions. With a loss of head varying from O'l metre to 
6 metres, the velocities ranged in different cases from O'l 
metre per second to 5 metres per second, a very ample range 
for examination. 

Of other experiments available, the early (1771) experi- 
ments of Boasut on the flow in tin pipes seem very trust- 
worthy, and give values of the constants for a very clean 
and smooth surface. These extend over a considerable range 
of velocity. 

Dr. Larape'a exporimeuta on the Dantzig main are ex- 
tremely useful, from the care with which they were carried 
mt, and the fact that they are on a large scale. 

Of other experiments, the most valuable are the American 

d collected in Mr. Hamilton Sraith's M}/draultc», Of these, 
lire ia a very valuable experiment by Mr. Stearoa on a cast- 

I asphalted pipe, 1^ metres In d' ■•'Iton 

lith'e own experiments are «1* 
] extending the series of r 



] 
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makes the range of diameters of new pipes, on which experi- 
ments are available, to extend from 0*266 metre to 1*219 
metres. 

Then there are some experiments on small wrooght-mm 
gas-pipes, which are useful for comparison with Dane's, and 
some experiments on large wrought-iron riveted water-mains. 

122. Method of dealing with the experimental data.— 

The greater part of the experimental results are found origin- 
ally in metric measures. Hence it was convenient to plot the 
results in metric measures, and to obtain constants for a 
formula in metric measures. These constants were finally 
converted to English measures. 

Taking Hagen's formula (6), and writing it logarithmic- 
aUy, 

logA = nlogf; + log^ + log— . . (8), 

in which for any given pipe the second and third terms on the 
right are constants. This is an equation to a straight line 
having log {(7ii/)/(2^rf')} for the ordinate at the origin, and a 
slope of n to 1. For all the experimental data, arranged 
in groups according to the type of pipe, values of log h were 
plotted as abscissae and values of log v as ordinates, h and v 
being taken in metric units. One of these plottings is given 
on a reduced scale in Fig. 104. The values of n correspond- 
ing to the average slope of the lines are given in the following 
table^ : — 

^ For each of the Darcy pi|)e8 two lines are plotted, the fall line correspond- 
iDg to observations in the first, and the dotted to those in the second 50-metre 
length. 
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OBAF. 


Values or the Index or Velocity 




Snrfaoe of Pipe. 


Aathority. 


Diameter 

of Pipe in 

lletim 


Valmioffl. 


Tin-plate . 


BosBUt 

99 


-036 
•064 


1-780/^^* 


Wrought iron (gas-pipe) 
Lead .... 


Hamilton Smith 

99 

Daicy 

91 


•0169 
•0267 
•014 
•027 


1-7661, ,^ 

i-77or-^'^ 

1-866] 
1-766 1-77 




99 


•041 


1-760J 


Clean braas. 


Mair 


•036 


1-796 1-796 


Asphalted . 


Hamilton Smith 

Lampe 

Bonn 


•0266 
•4186 
•306 


1-760] 

1-860 

1-682 


-1-85 




Steams 


1219 


1-880 




Riveted wrought iron . 


Hamilton Smith 

99 


-2776 
•3219 


1-804 
1-892 


1-87 




99 


-3749 


1-862 




Wrought iron (gas-pipe) 


Darcy 

9» 


•0122 
•0266 


1-900 
1-899 


1-87 




»l 


•0396 


1-8381 




New cast iron 


99 


•0819 


1-960) 






•137 

•188 


^•^2^1 1-95 
1957 '^^^ 




II 


•50 


l-960l 


Cleaned caat iron 


II 


•0364 


1836] 






H 
II 


•0801 
•2447 


2 000 
2 000 


2 00 




I) 


•397 


2 07 J 




Inci listed cast iron 


ti 


•0369 


1980| 




11 


•0796 


1-990 V2 00 




II 


•2432 


1-990) 

4 



It will be seen that the values of the index n range from 
1-72 for the smoothest and cleanest surface to 2*00 for the 
roughest. The numbers after the brackets are rounded off 
numbers, not exactly means, but numbers based partly on 
judgment of the value of the different experiments, which 
have been adopted in the following reductions. 

Taking the values of n thus determined, the value of 
m/d', which should be a constant for any given pipe, is thfln 
deduced. For each pipe the values of m/cP are averaged. It 
is then possible to see how far the formula fits the ezperinip 
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at ieaat bo far as the variation of velocity with variation of 
head ia concerned. The following tables give the mean 
values of m/rf* found for each pipe, and the result of using the 
formula 

r©S ■■■■(') 

to T8-calculate h from the obeerved velocities. It will be seen 
that, at least so far as variation of the velocity and head are 
concerned, the formula fits the experiments with extraordinary 
closeness. The re-calculated values of h approximate to the 
observed values throughout the whole range of the experiments, 
with differences which do not exceed the probable experimental 
errors of observation. Metric measures are used in these 
tables. 



Asphalted Cast Iik 





Uaviltok SMrra. 
Di«n. = 002S81n.. 


BOBN WATBRWORKa. 

DuuD. = 0-308m, 


DUiD.=0'308m. 




^ = 10*1 


^, = 0-0823 


^=0-08*2 




H^l'SS 


» = l-85 
( = «■ F. 


n = l-85 

«=*rF. 


■6767 


Ob.. 
1-348 


CWc. 
1-280 


■4779 


Oba. 
■0605 


Cslo. 
-0535 


■4734 


h 
Ob.. 

■0605 


Clio. 
■064 




■9896 


2-609 


2-569 


■6449 


■0930 


■0932 


-8412 


■0975 


■094 




1-4S1 


6-169 


5-285 


■7909 


■134S 


■1358 


-7986 


■1300 


■142 


i 


l-fi69 


6-532 


6-770 


-9523 


■1715 


■1916 


■9436 


-1810 


■193 


^ 


LjLimL 

DUm. = 0-4185 m. 


Btubhb. 

DUm. = 1-219 m. 


LOOH Katbinb. 
DUm.=l-2ieni. 




^ = 0-0*68 


j^=0-0111 


^ = 0-016B 




R=I-85 
(=*8°F. 


■1=1 -SG 


« = l-86 


■4ft06 


Oba. 
0288 




\ OW [ Talc 


Obi. 1 ciic. 




■758» 


■Ofisa 






lisae 


-08 in 


■()■■ ' 




•9419 


■OSiTr, 


1 u:. : 








^A 
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Clkak Tihplatk Pipes 





B068UT. 






BomoT, 






I>iAm.=: 0*03608 


m. 


DiAm. = -05441 


m. 






^=0*6667 






1=0-412 








i»=172 






i»=l-72 








<=60*F. 






<=«7* F. 






V 


h 


' 


V 


h 


1 




Obaenr. 


Gale. 




Obterr. 


cue. 




•3401 


•2700 


•2616 


•4436 


•2660 


•2694 




•3807 


•3220 


•3174 


•4966 


•3140 


•3139 




•4364 


•3980 


•4016 


•6608 


•3866 


•3884 




•6114 


•6380 


•6273 


•6431 


•6006 


•4916 




•6126 


•6210 


•629 


•6698 


•626 


•6269 




•6694 


•6410 


•634 


•7439 


•623 


631 




•6324 


•7640 


•760 


•7912 


•710 


•702 


1 


•6498 


•7916 


•796 


•8366 


•764 


•773 


1 


•7698 


1^0346 


1*042 


•9686 


•987 


•994 




•8978 


13470 


1*389 


1^091 


1194 


1^222 




•9333 


1*494 


1*484 


1164 


1*398 


1-366 




1*314 


2*649 


2672 


1*696 


2*324 


2*345 





Riveted Wrought Iron 





Hamilton Smith. 


Hamilton Smith. 






I>iam.= 0*2776 1 


n. 


Diam. =0*3219 m. 






^ = 00822 
0* 




^ = 0*0704 






n=l*87 




n = l*87 






< = 55''F. 




t=z55^V, 




V 




h 


V 


A 








Observ. 


dale. 




•Obsenr. | 


Calc. 


1*436 




•425 


413 


1*401 


334 




•337 


1*868 




667 


•667 


2*121 


714 




•732 


2111 




*847 


•848 


2*636 


1*109 




1*098 


2^639 




1*279 


1*287 


3-262 


1*659 




1*638 


3*064 




1*664 


1*691 


» 









INVESTIGATIONS OF FLOW IN PIPES 211 



RiTBTBD Wbouoht Iboh — Continued 



Hamilton Smith. 


Hami;;ton Smith. 


Diam. =0-3749 m. 


Diam.= 0-6566 hl 


Diam. = 0-4816 m. 


~ =0-649 


^=0 0260 


^=0 0440 


n=l-87 


n=l-87 


n=l-87 


<=65'*F. 


t f 


t ! 


V 


h 


V 


h 


V 


h 




Obierv. 


Calc. 




Observ. 


Calc. 




ObseiT. 


Calc. 


1-336 


•251 


•241 


3*841 


-821 


-821 


6-139 


3-336 


3-336 


2-084 


549 


553 














2229 


•613 


*627 














2679 


•823 


•824 




1 








3*228 


1236 


1-254 














3-684 


1*616 


1*605 















Nbw Cast-Iron Pipes (Uncoated) 



Darot. 
Diani.= 0-0819 m. 

^=0*3206 

n=l*96 
< = 60''F. 


Darot. 
Diam. = 0-137 m. 

^=0-1464 

n=l-96 
<=60T. 


V 

*368 
•661 
•791 
1186 
1-418 
1-671 
2-453 
2-487 
2-720 


Obserr. 
•115 
•268 
•600 
110 
1-58 
1-99 
4-826 
4-870 
5-872 


i 

Calc. 
•110 
-265 
-517 
1-138 
1-61 
1-97 
4-66 
4-83 
6-75 


V 

•488 
-763 
1-279 
1-714 
2-098 
2-281 
3-640 


) 

Observ. 

•097 

•224 

•690 
1-045 
1*660 
1*840 
4-690 


i 

Calc 

•091 

-219 

'599 

1*059 

1-571 

1-860 

4-604 
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Nkw Cast-Ibon Pipks (Uhooatbd) — Oonttntud 





Dabot. 






Dabct. 




Diam. s 0*188 m. 


Diam.=0 -60111, 


1 




~=011»2 






-=0-0888 






f»=1^06 






n=l-95 




1 probably 70* : 


P. 


t 


probably 70* F. 


V 


h 


V 


h 




Obsenr. 


Calc. 




Obsenr. 


Ode. 


•497 


•090 


•078 


0-7932 


0-120 


-124 


•758 


•180 


!. .177 


-7951 


•126 


*125 


1128 


^ -385 


•384 


1-0412 


-210 


•211 


1*488 


•640 


•660 


11135 


-230 


•240 


1*933 


1-090 


1-098 


11197 


•260 


•243 


2-506 


1855 


1-822 


1-1278 


•250 


•247 


4-323 


5276 


5-274 









Wrouoht-Iron (Gas) Pipe 



Hamilton Smith. 
Diam. = -01694 m. 


Hamilton Smith. 
Diam. = 02676 m. 




^=1-948 
d* 

n = l'75 

t about 60- F. 






^=1-056 
d* 

n=l-75 

t about 60* F 


1 


V 


h 


V 


A 


•314 


Obsenr. 
•666 


Calc. 
•663 


•292 


Obeenr. 
-376 


Gale 
•312 


•481 


1375 


1379 


•433 


-614 


•622 


•700 


2-660 


2667 


-666 


1-288 


1^286 


•873 


3-892 


3911 


-968 


2-516 


2637 


1031 


6-266 


5246 


1203 


3715 


3716 


1182 


6661 


6663 


1-424 


5^035 


4-991 








1-623 


6350 


6-S7S 



^^^ INVESTIGATIONS OF FLOW IN PIPES^S^^B 


^^" CLKiiraD Cabt laoM ^^^B 


I 


Dahct. 


Darot. 


DinOT. 1 


■ 


IHw..=0 0801<ii. 


Di«m. = 0-2447m. 


DiBin. = 0-297 m. 




^=0'8sia 


^^O'losa 


^ = 0'O770 




n=2-0 


B = 2^0 


» = 20 




( prob«bl7 16* F. 


( prabably 80° P. 


( = 70' F. 




„ 


h 


, 


k 


, 


« 




Ob». Calc. 




OU. 1 Cttlc. 




Obs. 


Clc- 




■38G 


-148 


■148 


949 


■246 


-248 


■623 


■125 


133 




■614 


■370 


■376 


1-420 


■B65 


■556 


1166 


■265 


■262 




-624 


■375 


■389 


1'904 


rooo 


I'OOO 


1-652 


•635 


-536 




-864 


■705 


■745 


2-206 


1350 


1-343 


2-390 


1-170 


1-122 




1-S48 


1-61 


1 553 


2-572 


1-840 


1-826 


2-799 


1-B70 


1-639 




t-626 


8 30 


2324 


4 497 


6606 


fi-681 


3-160 


2-022 


1-962 




lucBUSTED Cast Iron ^ 


n 


D*»CT. 


D&KOT. 


Darot. 




I««n.=0-8E8m. 


DlMii. = 0^0796iD. 


DUm. = ■2483 m. 




^=1-8164 


^=0^88B8 


^ = 0-1873 




* 


if 


rf" 




« = 20 


n = 2-0 


ii=2-0 




l = 4S* P. 


( probably 46- F. 


I probabl; 68° P. 




• 


h 


„ 


h 


p 


h 




Obs. 


CMC. 




Oba. cue. 




Obi. 


cue. 




■130 


■081 


■078 


■261 


■Ill -111 


-462 


■098 


-098 




-253 


■300 


■296 


■446 


■356 '360 


■707 


235 


-239 




-381 


■666 


■672 


■678 


■800 '808 


1106 


■666 


-684 




■551 


1-405 


1-408 


■931 


1-535 1524 


r647 


11 30 


M42 




■633 


1-85 


1-865 


1142 


2-265 2204 


1833 

2-073 


1-580 
2-020 


1604 
2 050 




123. The correction for temperature. — The correction 




or temperature ia at prenent imperfectly known. No 


dperiments on the resistance at different temperatures, with 


rery rough surfaces, have been made ; but, in the absence of 


Bformation, it has been thought better to correct all the 


raluea of m/tf to a common temperature of 60°, in accordance 
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with Mr. Mair's results. Variation of temperature in the 
different experiments examined ranges from SS"* F. to 75" F. 
In most of the experiments the temperature was between 50* 
and 70^ For 10'' difference from 60^ the temperatore 
correction is under 3 per cent, so that it does not make a 
great difference whether the temperature correction is applied 
or not. In some of Darcy's experiments the temperatuies 
are not given, but they can be inferred with some degree of 
approximation from the dates given. 

124. Variation of resistance with the diameter of the 
pipe. — From the values of mjd* which have been obtained, the 
value of X, the index of the diameter in the expression for 
the head lost in the pipe, can be found. If m and x for any 
given kind of pipe are strictly constant, and if we plot 
logarithmic values of (2 as ordinates, and mj^ as abeciBse, 
then the points found should lie on a straight line, the slope 
of which is the required value of x. Broadly speaking, the 
points corresponding to each set of experiments fell pretty 
closely on a straight line, those for the pipes with rougher 
surfaces lying higher than those for the pipes with smoother 
surfaces. It is not surprising that the lines are more irregular 
than those previously plotted, for this reason. The points 
in these lines correspond, not to a series of experiments on 
one pipe, but to different series of experiments on different 
pipes. Small differences of roughness in these pipes would 
quite account for such discrepancies as were found. 

On examining the lines, it was found that in all cases 
the slope is greater than 1 to 1, so that the index x of d, 
in the formula of loss of head, must be greater than unity, 
a result in accordance with Darcy's deductions from his 
experiments. The slope is lowest (1*10 to 1) for the tin- 
plate pipes of Bossut, which were very smooth, and in which, 
probably, the joints did not affect the flow so much as in 
other pipes. Generally, the slope does not exceed 1*2 to 1 ; 
but there are one or two exceptions. 

The riveted wrought-iron pipes of Hamilton Smith give 
a slope of 1*39 to 1, which may possibly be due to the 
different relative effect of the obstruction of the rivet-heads 
and joints in pipes of different diameters of this kind 
Putting aside exceptional values of the index x, the £BOt 
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that all the other results give values of x lying between 
1-10 and 1'21 shows a very satisfactory constancy in the 
coelEcient. 

According to Professor Beynolds'a formula, the head lost 
should vary as 

cf"-"" 

I, X should have the value 3 — n. The following table 
hows how far this reduction of the moat trustworthy ex[)cri- 
ints confirms this law ; — 



Kind ot Pipe. 




3-n 


■' 


TinpUto .... 


1-78 


1-28 


1-100 


Wrought iron (Smitli) 






1-76 


1-25 


1-210 


Asphalted pipes . 






1-86 


115 


1127 


Rivet*d wrought iron 






1-87 


113 


1-390 


New c(ut iron 






1-9Q 


105 


1-168 


Cleaned cast iron 






2 00 


1-00 


I 168 


Incrusted cast iron 






S'OO 


100 


1160 



It will be seen that there is no great discrepancy between 

values of x and 3—n, but there is no appearance of 

tatioQ in tlie two quantities. For the present, at least, 

; mnst be assumed that the value of a; ia independent of 

the value of n. 

125. Valaes of the coefficient m. — It is now possible 
to determine the values of the coefficient m from the different 
series of experiments, using the values of d', calculated from 
the values of x now assigned. It will be a general check 
on the whole of the preceding reductions, if the values of m 
for each particular kind of pipe prove to be nearly constant. 
Hence the values of m for each of the twenty-eight series 
experiments which have been discussed are here given. 
f are placed generally in the order of the index n, and 
I set of pipes of one geueml character it ' 
kler of the diametera 
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Diam. 


^tr % 


MMn 




Kindof Ptpt. 


in 


Vaioe 
ofm. 


Value of 


Anthority. 




Mekm. 


«. 




Tinplate 


0-036 
0-064 


•01697 
•01676 


j •01686 


BoBBUt 


Wrought iron . 


0^016 
0-027 


•01302 
•01319 


\ •OISIO 


Hamilton SmitL 


Asphalted pipes 


0^027 


•01749 




Hamilton SmitL 




0-306 


•02068 




Bonn, W. W. 




0-306 
0-419 


•02107 
-01660 


' •oidsi 


Bonn, W. W. 
Lampe. 




1219 


•01317 




Steania 




1-219 


•02107 




Qale. 


Riveted wrought iron 


0-278 
0-322 


•01370 
•01440 


' 






0376 


•01390 


•01403 


Hamilton Smith. 




0-432 


•01368 








0-667 


•01448 


4 




New cast iron . 


0-082 


-01726 


' 






0137 
0-188 


•01427 
•01734 


-01668 


Dax^. 




0-600 


•01746 


1 




Cleaned caat iron 


0^080 


-01979 


' 






0246 


•02091 


-01994 


Darqr. 




0-297 


•01913 


• 




IncruBted cant iron 


0036 


•03693 


■ 






0-080 


-03630 


•03643 


Darcy. 




0-243 


-03706 


d 





Here, considering the great range of diameters and 
velocities in the experiments, the constancy of m is very 
satisfactorily close. The asphalted pipes give rather variable 
values; but, as some of these were new and some old, the 
variation is, perhaps, not surprising. The incrusted pipes 
give a value of m quite double that for new pipes, but that 
is perfectly consistent with what is known of fluid friction 
in other cases. 

126. Oteneral mean values of constants. — The general 
formula 



h m v^ 



. (10) 



will be found to agree with the results with convenient 
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if the following mean values of the coefficienta 
takeD, the unit being a metre : — 



KiBil or Pipe. 


« 


- 


« 


Tinpkte .... 


'0169 


110 


1-79 


Wrought iron . 


■0131 


1-21 


1'70 


Asphalted iron . 


■0183 


ri27 


1-86 


Rivel«d wrought iron . 


-0140 


1300 


187 


New cast iron . 


-0166 


1168 


1-05 


Cleaned cut iron 


■0199 


1-168 


20 


Tncmated cast iron 


■0364 


1-160 


80 



The variation of each of these coefBcients is within a 
"comparatively narrow range, and the selection of the proper 
coefficient for any given cas& preaenta no difficulty, if the 
character of the surface of the pipe is known. 

It only remains to give the values of these coefficienta 
when the quantities are expressed in English feet. For 
English measures the following are the values of the 
coefficients : — 



[ 



Kind of flpe. 


« 


' 


- 


Tiuplate .... 


■0265 


I^IO 


1-7B 


Wrought iron - 






■0226 


r2i 


1-7S 


Asphalted iron . 






■02 M 


1127 


1-85 


Kivet«d nTDught iron 






-0260 


1-390 


187 


New cast iron . 






■0216 


1-168 


res 


Cleaned cost iron 






■0243 


1168 


2-0 


Incruated cast iron 






■0440 


1-160 


2-0 



If formula (10) is put in the form 



seen that the coefficient ^ in the Chezy formula can I: 
luced from these results by taking 



Valuee of f thus obtained have been given in Chapter VIII. 
§ 91. Using these values in the Chezy formula the 
lilts are nearly as accurate as if eq. (10) is used. 
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127. Distribution of velocity in the cross section of a 
pipe. — ^The mean velocity of translation along a pipe is 
necessarily ., . 

t^m = Q/( J«P). 

Strictly, in consequence of the turbulence of the motion, tiie 
velocity and direction of motion vary from moment to moment 
at every point of the cross section. But at each point the 
variations are temporary fluctuations about a fixed mean value. 
The mean direction must be parallel to the axis of the pipe, 
and at each point there must be a constant mean velocity in 
that direction. Observation shows that these mean velocities 
at different points are greater near the centre of the does 
section and less towards its boundary. Messrs. Williams, 
Hubbel, and Fenkel found the mean velocity v^ of the whole 
cross section to be 0*84 of the central mean velocity, and the 
mean velocity near the boundary to be 0*5 of the central mean 
velocity. At a radius 0*75 of the radius of the pipe the 
velocity was equal to the mean velocity v^ of the whole cross 
section. 

The most exact research on the distribution of velocity in 
pipes is one made by BaziD on a cement pipe 0*8 metre 
diameter and 80 metres long ("Experiences nouvelles," 
M^m. de V Academic des Sciences, xxxiL, 1897). Let R be 
the radius of the pipe, and r the radius at which the velocity is 
observed ; let V be the maximum velocity at the centre, v the 
velocity at radius r, and v^ the mean velocity for the whole 
cross section. Bazin obtained the following results : — 



r 


V 


y-v 


R 


Vm 


t'm 





1-1675 





0-125 


1-1605 


•0070 


0-260 


1-1475 


•0200 


0-376 


1-1258 


•0417 


0-600 


1-0923 


•0762 


0-625 


1-0473 


•1202 


0-760 


10008 


•1667 


0-875 


0-9220 


•2465 


0-937 


0-8466 


•3210 


1000 


0-7416 


•4260 
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Let i be the virtual slope of the pipe. Then 



.V-i( 



■Q' 



jRi, 



^ere k varies from 33 to 42, and is on the average 38. At 
sides, where r = K, the velocity is !« = V — 38^(Ri). 
i mean velocity of the whole crosa section is 

r™ = V-4■64^/(Ri)■ 
On the average ¥/!>„= 1-24; v„/\ = 0-8; »/¥, = 0-64, and 
ttj/V = 0'51. At ladiua 0-74K the velocity is equal to «„. 




Fig, 105 shows the velocities at different radii found by 



. Inflnence of temperature on the resistance in 
pipes. — In the experimenta ou diacs, § 82, it appeared that 
Che frictional reBistauce diminished as the temperature 
increased Froude found a similar result for boards towed 
in water. Some experiments on flow of water at different 
temperatures in a biass pipe IJ inch diameter and 25 feet 
long were made by Mr. J. G. Mair {Ptoc. Inst, of Civil 
Engineers, Ixxxiv.). The head at inlet was taken at 12 inches 
from the end of the pipe, to exclude loss at entry. The results 
B extremely closely with the equation 



fhe values of m were as follows :— 
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ipermtnre F. 


m 


67* 


0-0178 


70 


169 


80 


166 


90 


161 


100 


167 


110 


161 


ISO 


147 


130 


146 


160 


133 



CHAT. X 



Tlie leBistaiioe is therefore 25 per cent leas at 160* than at 
57*. The leeostanoe Taries diiectlj as m, and m is given very 
closely by the empirical relation 

M ^0^2(1- 0*002 IM). 



CHAPTER XI 



FLOW OF COMPRESSIBLE FLUIDS IN PIPES 



129. Notation. — Let 

P = absolute pressure in lbs. per square foot. 

T = absolute temperature F," 

6 = weight of one cubic foot of fluid in lbs. 

V = volume of one pound of fluid in cubic feet. 
M, V, = velocities in feet per second. 
W = weight of fluid per second in lbs. 

fl = area of cross section of pipe in square feet. 

d = diameter of pipe in feet. 
L, /, = length of pipe in feet. 

R = constant in gaseous equation. 
When air flows along a pipe there is necessarily a fall of 
pressure due to the resistance of the pipe, and consequently 
the volume and velocity of the air increase going along the 
pipe in the direction of motion. The effect of the resistance 
is to create eddying motions which, as they subside, give back 
to the air the heat equivalent of the work expended in pro- 
ducing them. The result is that, apart from conduction 
through the walls of the pipe, the flow is isothermal.' 

130. Flow in pipes nnder small differences of 
pressure. — In a large number of cases the pressure in a fluid 
is one atmosphere or more, but the difference of pressure 
causing flow is only a few inches of water. This is the case 
in the distribution of lighting gas and in some cases of 
compreaeed air transmission. Let P„ P^ be the absolute 

' Tbis ma puintcd out by tli« author in a disRuisiou oa Pneumatiu 
TmnsniiiiBioii in 1875 {Froe. Intl. C. E. iliiL). The forumU for air-flow in 

ktbiii ohaiitcr wa» firet givan bj the author io tSTS in a paper oo tlie "Uotion of 
Ugbt Carriere in Tneumatic Tubes" iu the same Tolume. 
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pressures at the inlet and outlet of a pipe. Then when 
Pi — P, is small oompaied with P|, the variation of densitf 
during flow may be neglected without great error and the 
hydraulic formulas are applicable. 

Let d be the diameter, / the length of the pipe in feet, « 
the velocity, Pj — P, the pressure difference causing flow in 
lbs. per square foot, and h the same pressure difference in feet 
of the fluid itself. If G is the weight of the fluid in lbs. per 
cubic foot, Pj — Pj = GA. Then, as in § 85, 



h = \ -T feet 
2gd 



■ji^hM^^)'-'^-^ 



Q = -dh cubic feet per second 



(!)• 



If T is the absolute temperature F., then, by the gaseous 
equation § 72, 

G = P,/(RT). 

If h^ is the pressure difference measured in inches of 
water, then 

Pi-Po = (62-4M 12 = 5-2A^ 

Example — Air initially at one atmosphere and 60°F. (621*abeolut€) 
flows through a 1 2-inch j>ij>e one mile long under a pressure difference of 
10 inches of water. = 2116-3/(53 2 x 621) = 0-0764 lbs. per cubic foot 
Pj - P^ = 5*2 X 10 = 52 ll«. i)er square foot The value of f may be taken 
at 004. Then 

^= \^{-0i?xV2S0 4;4}=22'7 feet per second. 

The discharge is 07854 x 22*77 = 17*88 cubic feet per second, or 17*88 
X 00764 = 1*367 lbs. of air per second. 

131. Flow of lighting gas in mains. — Lighting gas is 
distributed in cast-iron mains under pressure differences of 
about 2 inches of water column per mile of main, or 2 x 5'2 
= 10*4 Iba per square foot. The velocity is generally not 
more than about 15 feet per second. In such conditions 
the hydraulic formulae are applicable with very little error. 

Pressures in gas mains are usually measured by water 
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eiphon gauges open to the atmosphere. They indicate there- 
fore the excess of pressure in the main over atmoapheric pres- 
sure. If A„ ia the gauge pressure in inches of water, and the 
atmospheric pressure is 34 feet of water, then the absolute 
pressure in the main is 34 + ^A, feet of water, or 624 (34 
+ -^h^) = 2121 4- 5-2h^ Ibe. per square foot. 

Head lost in a horizontal main. — Let Fig. 106 represent 
a length / of horizontal main through which gas of density s 
(air=l) is flowing. The differeace j/i—y^ of the waler 
columns in the siphon gauges is the liead lost in the length /. 



WH- 



m 



Fig. 106. 

Let G„, G,, Gg be the weights in lbs. per cubic foot of wut^r, 
air, and gas respectively. Then G^ = sG„, where for ordinary 
conditions of pressure and temperature Q^ = 0'08 nearly, und 
G„ = 62-4. Then if yi, y^ are measured in inches of water, 
the height of a column of gas equivalent to y, — y, is 



I; 



"ISjG." 



-y,) = 66 4 



'fool . 



<a). 



tioB introduced in the hydraulic eqnationa (1) will glv* 

Telocity of flow and dischargi]\. 

Head lost in an inclined g&g laaiXL — In a fallin^f tiiuln 
{Fig. 107) the atmospheric pressure Ja greator at B than iib A 
by the amount G^ (zj — x^) ^^'*- P^r Hqmu'e foot, or 
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pT (^1 - ^ ^^^ ^^ water ; 

a quantity which is n^ative for a rising main. Henoe, 
taking yi — ys in feet, the head causing flow in feet of gas is 



(3). 



Taking the values given above, and now supposing y^ and y^ 
given in inches of water. 



A = 65?LJi + (^.,^(l_l) . 



(3a). 



This is the value of A to be used in the hydraulic equations (1). 
When there is much difference of level of A and B, the last 




Fig. 107. 

term is too large to be neglected. In some rising mains the 
difference shown by the siphons is negative. 

The coefficient of firiction in gas mains. — Unfortunately 
there are very few experiments on the friction in gas mains, 
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and even iL:ise wLic- are available are not very Siitistaoiorv. 
A discussion by lite authos' of such results as are available 
(Froe. InsL cf G^s Emfimten^ 1904) led him to adopt pro- 
visionally tbe fcdlowiiig Tmlae : — 



C=(H)044(l^l) . . . (4), 



This gives higher Tmloes of ^ than those deduced from tests 
of air mains, hot on the other hand gas mains are rather 
more roughly jointed, and there were probably in the mains 
tested some special resLstanoes due to bends, etc. 

YALun OF ( FOB Qas Mains 



iBcilar of Pipe, 


r 


8 inches 


0-0082 


6 . 


•0067 


12 „ 


•0060 


18 „ 


0048 


24 „ 


•0047 



BzampleB. — Let 60,000 cubic feet of gas per hour, or 13*9 cubic feci 
per second, of density «s0'4, be conveyed in a horizontal main, and let 
it be required to find the pressure head lost in friction per mile of main. 

(a) Let the main be 8 inches or 0*666 foot in diameter. Then 
(-0-0044(1 + 0-214) s0^0063. The cross section of the main is 0340 
square foot, and the velocity is 13*9/0*349 — 40 feet per second. Using 

eq- (1), 

of gas. Taking air in these conditions to weigh OOH lb. per cubic foot, 
tbe gas weighs 0*4 x 0*08 a 0*032 lb. per cubic foot Hence thit prttMure 
difference required per mile of main is 0^032 x 4178- 133'H lbs. piir 
square foot, or 133*8/6*2 = 26*7 inches of water. 

(6) If the main is sixteen inches or 1*333 feet in diameter, tli« otltitr 
conditions being the same, (-0*0044(1 +0*107) •• 000487. Thu ahNW 
section of main is 1*396 square feet The velocity is 1 3*9/ 1 '39 A - 10 fmii 
per second. 

of gas, equivalent to 3*84 Ibsi per square foot, or 0*74 Ifinli iit WMtui* 
per mile of main. 

(e) If in the case of th« S-indi main In (a), Umi OttiUri ifUlA ts 1 AO tmi 
above the inlet, the friettonai lo» it the MflM, but ib#i» k A AW^mm 
of the preanues at the lipboii guigak Usiof e^ (Za)^ 

ti 
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A=4178=«5?^«-150(l.^J 



=162-5 (yi-yJ+226 
yi - ys= 24 '38 inches of water. 

(d) SimilArly, if in the case of the 16-iiich main in (&}, the ontkt 
end ie 1 50 feet above the inlet, 

A=119-9=e6^J^+226 

^1 ~ ys= - 0*647 inch of water. 
That ia, the upper aiphon-gauge preasore would be greater than the lower. 

132. Flow of air in a long nniform pipe^ when fhe 
variation of density is taken into account. — In this case 
the Telocity increases along the pipe as the density diTniniRhfls. 
The work of expansion of the fluid is not n^ligible. The 
expansion will be taken to be isothermaL 

For air, P/G=53-2T (§ 72), and if the temperature is 
60' F., so that T = 521, then P/G= 27710. 

In steady flow the same weight of air must pass every 
section in any given tima Let W be the weight of air 
flowing per second, u the velocity, and O the area of 
cross section. ^.-p 

W = Gfiu = ^ . . . (5). 

CJonsider a short length dl of the pipe, Fig. 108, between 

transverse sections A^A^. Let d be 

^- -c// >j the diameter, /I the cross section, m 

. ^ the hydraulic mean radius. Let P 
jr and u be the pressure and velocity 
; at A^ P + dP, and u + du the corre- 
, , -^ sponding quantities at A^ Let W 

^o ^o / / ^ ^^® weight of air flowing per 

p. -Qg second — units feet and pounds. 

If in a short time dt the mass 
A^Aj comes to A'^A\, then A^A'^ = vdt and Aj A'^ = (u + du)dL 
Since in a short length the change of density is small the 
head lost in feet of fluid is 

A£_dX 

or if H = u*/2g, the head lost in friction is 

(Udl/m feet . . . (6). 
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And since Vfdt lbs. flow in the time dt, the work expended in 
friction is 

- f?W<« * ft.-lb8. . . (7i 

The change of kinetic energy in the time dt is the 
difference of the kinetic energy of AiA.\, and A^'^ that is 

f!{(..^).-^} 

= ^ududt = YIdEdt fUbs. . (8). 

The work of expansion of £ivM cubic feet of air to 
n(u + du)dt at a pressure initially P is £iSdvdt But 
from (5) 

RTW 

^_ RTW 
rfP" " 12P2 

and the work of expansion is 

RTW 

- 5±!Ljp^ ft..ib8. . . (9). 

The work of gravity is zero if the pipe is horizontal, and in 
many other cases is n^ligibla 

The work of the pressures on the ends of the mass is 

F^udi - (P + <ff>)fi(u + du)dX 
= - (PA* + vde)iidi. 

But if the temi>erature is constant, Pu is constant, and 
P({u + i^dP = 0. Hence the work of the pressures is zero. 
Adding the quantities of work and equating them to the 
change of kinetic energy, 

W(iH*= -.5^rfPrf<-f5w(fl* 

P m 

RT PT 

P m 

^ + ^dP + f- -0 . (10). 
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But 

RTW 

2^" 25rffP» 
da 2gQV dt 

For pipes of uniform section, O and m axe constant, for 
steady motion W is constant, and for isothermal flow T is 
constant. Integrating, 



For 



log H + ;^j^3g^ + f- = constant. 

/ = 0, letH = HiandP = P4 
Z = L, letH = H2andP = P, 



(11). 



where P, is the greater and P, the less pressure. B7 repladng 
H„ H,, and W. 

log?-;.^.(P,-P.Vf^ = . (12). 

Hence the initial velocity in the pipe is 

|^RT(P,* - P «) 



V 



\<t * '^ &) 



\\} ■ ■ ^^^)- 



V 



When L is great, log Pi/Pg is small compared with the other 
term in the bracket. Then 



hgUTm P^^-Po^) , ^ 



For pipes of circular section and diameter d in feet, m = d/4. 
Let T= 521, then for air ET= 27710, and let pi,p^ be the 
pressures in lbs. per square inch. Then 



= J{222900l?l^) . . (136). 
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^1 This eqaatioQ is en^ily used. In sotne cases the approxi- 
^B8te equation 

■ «, = (m32-0726^) /(222900^) . (13c) 

■■may be more convenient. 

If the terminal presRure p„ is required in terms of the 
initial pressure p,, then 

% '•'P'ji'-^i^i] ^ ■ (»>■ 

W 133. Variation of pressure and velocity in long air 
mains. — The following caaea have been calculated to give an 
idea of the way in which pressure and velocity vary in long 
mains conveying air. The main is assumed to be 12 inches in 

ftdiameter, and the coefficient of friction to be ^= 0'003. 

^K Air Mainr 




CamI. 

in Iba. per sq. in. 
Velocity in mwn in 

ft. per see. 

Cabb II. 
Pressure (abwlDte} 

in lbs. per sq. in. 
Velocity in mun in 

ft. par »ec. 


At dliUn™. ■long milD tn mUn. 









^ 


S 


* 


" 





r 


« 


« 


.0 


116 
26 

116 
60 


lis 

26 6 

104 
66 1 


110 
26 2 

92 
82-3 


107 
26 8 

79 
73 2 


104 

27-8 

S2 
B3 1 


101 
28 4 

S8 
H9-0 


292 




Ba 

298 


92 

31'2 


89 
32'3 


86 

33 -a 


Br With an initial velocity of 25 feet per second the pressurea 
^Hecrease and the velocities increase slowly. With an initial 
^Ralocity of 50 feet per second the variation of presaure and 
^Velocity ia much more rapid. Beyond 5 miles the pressure is 

■ 134. Coefficient of friction.— The author obtained values 

of the coefficient of friction from experiments made by 

Professors Riedler and Gutermuth on the mains conveying 

—^mpreaaed air in Paris,' The mains were ll| inches in 

^ftndoD. 18N. 
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diameter, and in some tests the length of main tested was 
10 miles. Experiments also were made hj Mr. Stockalper 
on the compressed air mains at the St Gothard tunnel, which 
were 0*492 and 0*656 feet in diameter.^ 

C- 

Mean for 0*492 foot pipe 0*00449 

0*666 „ ... -00377 

0*980 « ... *00290 



n 



These results agree with the relation 



f= 0-0027 (l-. 4) 



(15). 



Mr. Batcheller, who has developed and carried out the 
remarkable systems of pneumatic transmission of parcels in 
the United States, has also made careful experiments on the 
resistance to the flow of air in main& The pipes used were 
cast-iron pipes bored smooth. 

Air is supplied at a pressure of 6 lbs. per square inch, 
and a carrier weighing 1 lb. 7 oz. passed through with the 
air. For a main 6^ inches or 0*51 foot diameter the mean 
value of the coefficient of friction was 0*00435. By the 
formula above it would be 000429. 

The coefficient is applicable to gases of other densities. 

135. Distribution of velocity in an air main. — Threl- 
fall has made experiments on the distribution of velocity in 
air mains by means of a Pitot tube {Proc. Inst, of Electr, Eng. 
1903; Proc. Inst. Mech. Eng. 1904). The average ratio of 
mean to maximum central velocity was 0*873 constant at 
different velocities. The velocity at 0*775 of the radius from 
the centre was equal to the mean velocity. The highest 
velocity tried was 60 feet per second. The velocity curve on 
a diameter approximates to an ellipse. 

^ Min. Proc. Inst. Civil. Eng. Ixiii. 29. 
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CHAPTER XII 

UNIFORM FLOW OF WATER IN CANALS AND CONDUITS 

136. In flow through pipes the section of the stream of 
water is determined hy the cross aection of the pipe, and the 
velocity depends not on the actual slope of the pipe but on 
that of the hydraulic gradient. When water flows along open 
channels, its surface is parallel to the bed of the stream, or 
nearly so, and the velocity depends on the actual slope of the 
surface of the water. If the slope of the stream-bed varies, 
the velocity of the stream varies also, being greater where the 
slope is greater, and vice versa. Since in steady motion tho 
same quantity of water must pass every crosa flection in a 
given time, the cross sections of the stream must vary inversely 
as the velocity, being less where the slope is greater and greater 
where the slope is less. 

In artificial canals and conduits for conveying water the 
lope is constant, and the cross sections of the channel are all 
In such cases the velocity is uniform, the cross 
ions of the water stream normal to the direction of flow 
equal and similar, and the water surface is parallel to 
the bed. 

137. Steady flow of water in channels of constant 
^jdope and section. — Let aa'bb' (Fig. 109) be two normal 
^Ktooss sections at a distance dl. Since aa'bb' moves imiformly, 
^^Be forces acting on it are in equilibrium. Let O, be the area 
^Kf cross section, ^ the wetted perimeter pq + qr + rs, and 
m = il/x the hydraulic mean depth. Let v be the mean 
velocity, i the slope bc/ab in feet per foot, W = Gild/ the 
reight of aa'bb'. 

The external forces acting on aa'bb' parallel to the direc- 
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tion of motion are — (a) the piessuies on aal and hV^ which 
are equal and opposite since the sections are equal and similar ; 
(6) the component of W parallel to ah, that is QtQjil x the 
cosine of the angle between W and ah, or 6fi<U cos akc 
= 6121^2/; (c) the friction on the surface of the channel. 





WpajJKJJW^sSSPBW^ 



Fig. 109. 



This is proportional to the wetted area ydl and to a function 
of the velocity which may be written /(v), where f{y) is the 
friction per square foot at the velocity i?. Hence the frictional 
resistance is x^(/^(^0- Ecjuating the sum of the forces to zero — 

^ X 
But it has been shown in § 79 that/(v) = fG ^, and hence 



3. 



or if J{2gl^)=c, 






0); 



(2); 



where f ^^^ ^ ^re coefiicients depending on the size of the 
channel and its roughness, and to a smaller extent on the 
velocity. This is the Chezy formula previously foimd for 
flow in pipes (§ 85). 

In the case of open channels there is a much greater 
variation of size and of roughness than in the case of pipes, 
and consequently a wide variation of values of f and c must 
be expected in different cases. Imperfect as the theory above 
is, as a theory of flow, the formula is very convenient in 
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practical calculations, and it can be made to give accurate 
results if the values of ^ and c are those found by experiment 
in similar cases. Hence the practically useful problem is to 
find means of selecting values of ^ and c in any given case. 

138. Darcy'8 researcti on the value of ^ for open 
channels. — M. Uarcy caiTiod out an extremtily important 
series of gaugings of the flow in artificial channels of vtry 
varied character, and M. Bazin, his successor, continued the 
investigation after liis death. The conclusion arrived at was 
that t)ie value of f depended chiefly on the roughness of the 
channel and ita size, being less for large channels and greater 
for small ones. It appeared that tbe influence of size could 
be provided for by taking for f the expression 



•(-S 



(3), 



^Hb expression similar to that previously found for pipes. To 

^lake account of the rougtmess of the channels, of which there 

is no definite measure, Darey adopted a classi Scat ion of 

channels according to their rongbneaa. The following table 

I the values of a and for the different categories in 

[lich channels w 



Kiml or Chuincl. 


" 


ff 


1. Very nnooth ohmineb, lidee of smooth cement 
or pUned timber. 
II Smooth ch&nnelB, aidea of ashlar, bnckwurk, 

pUnkg. 
QL RouRh channels, sides of rabble niasonrj or 

pitched with ttoae. 
■IV, Very rough canala in earth .... 
V. Torre&tkl streams eucuiiibered with detritus . 


0-00294 

0-00373 

0-00471 

0'00S49 
0-00786 


0-10 

0-23 

0-83 

4-10 
5-74 



[ Tbe last Tftlues (CIm* V.) are not Darcv's hut ai 
mU by Oanguillel and Kutter on Swiss streams. 



laken from esperi- 



The following tables give the values of ^ calculated from 
I>arcy'8 eq. (3) for use in eq. (1), and the corresponding values 
f « for use in eq, (2): — 
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Darot'b Valuks of ( 






Hydnalio 




Valnes 


of ^ for Categories 




Mean Depth 
in Feet. 












I. 


II. 


IIL 


IV, 


V, 


0-6 


•00363 


00646 


01243 


•0606 


•0981 


1 


•00323 


•00468 


•00867 


•0279 


•0629 


2 


•00308 


•00414 


•00664 


•0167 


•0304 


5 


•00300 


•00389 


"00646 


0100 


•0169 


10 


•00297 


•00380 


•00608 


•0077 


•0123 


20 


•00296 


•00376 


•00489 


•0066 


•0101 


50 


00294 


00374 


•00477 


•0069 


•0087 


00 


•00294 


•00373 


•00471 


•0066 


•0079 



Values of c in the Equation v=e 

Dabct'b Values 



m% deduced fbom 



Hydraulic 
Mean Depth 

7/1 

in Feet. 


Values of c for Categories 


I. 

135 
141 
145 
146 
147 
148 
148 
148 


II. 


III. 


IV. 


V. 


0-5 

1-0 

2-0 

5-0 

10-0 

200 

50-0 

00 


109 
119 
125 
129 
130 
131 
131 
131 


72 
87 
98 
109 
113 
114 
116 
117 


36 

50 

62 

80 

91 

100 

104 

108 


26 
35 
46 
62 
72 
80 
86 
90 



139. Ganguillet and Kutter's Formula. — In 1869, the 
Swiss engineers Messrs. Ganguillet and Kutter undertook a 
careful analysis of the results of gaugings of open channels 
then available. Proceeding in a purely empirical way to fit 
a formula to the results of gaugings, they arrived at the 
following cumbrous formula : — 



v = 



,, ^ 1-811 000281 
41*6 + + r- 



n 



1 + 






\/mt. . (4), 
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in which n is a "coefficient of roughness," and the other 

symbols have the same aignification as above. They adopted 

Daley's method of classifying channels according to roughness, 

^bnd arrived at the values of n given in the following table : — 

■ .0( 



Kdttkr's Cosbtant h 



j|b>0'009. Well-pkned timber. 

»0-010. Piire cement plaster, coaled clean pipes. 

■rOOl I. Plaster in cement, iron pipes in best order. 

= 0012. Channels of unplane<l timber. 

= 0-013. Ashlar and good brickwork, iron pipes in ordinary condition. 

kO-015. Hough brickwork, incrusted iron. 

qO-OIV. Brickwork, ashlar, in bad condition, rubble in cement in 

» Q-020. Rough rubble in cement, stone pitching. 

— 0020, Rivers and canals in perfect order, free from stones or weeds, 
stone pitching in bad condition. 

= 0'030. Rivers and conala in good order. 
K=0'03&. Rivers and canals in bod order. 
^—OfleO. Torrential streams encumbered with detritus. 

In apite of its complication, Ganguillet and Kutter's formula 
i been widely adopted, especially in India, where its use has 
MQ facilitated by the publication of extensive tables. 

A formula with so many arbitrary constants can of course 
I made to agree with any selected set of results of gauging 
more closely than a simpler formula. But the formula has 
only the authority of the results used in obtaining it. If 
some of these are untrustworthy/the formula must be untrust- 
worthy alao. Now the term 0-00281/i was introduced chiefly 
to force the formula into agreement with certain gaiigings 
of the Mississippi, with very large values of m and small values 
of i. Those gaugings were made by the method of double 
fioats. and it ia now known that the velocities so obtained are 
probably greater than the true velocities. 



41-6 + - 



■00281 



, as Basin haa shown, the formula can be put in the 
•/mi I kn ( \ \ \ 



1-811 foi+l-811\v'm I'Sll/ 
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and if V^= 1*811, or m = 3*28 feet or one metre exactly, 
then tjmijv is equal to n/l*811 for all classes of channels. 
That is, at this arbitrary limit ^^/mi/v is independent of the 
term involving the slope in all cases, and the influence of the 
term in brackets is + or — according as m is > or < one metre. 
This result is improbabla Further, the comparison which 
Bazin has made of the formula, with a more extensive list of 
gaugings than were available when it was deduced, shows that 
it departs widely in some cases from the results of experiment 
Calculation by Kutter's formula is a little facilitated if 
the equation is put in the form 



M = n(41-6+ - . — ) 



t; = 



_ ^/m/ M^f^81 1 



n 



\M 



hl'SllN 



mt 



(5). 



t=: 



•00001 
•00002 
•00004 
•00006 
•00008 
•00010 
•00025 
•00050 
•00075 
•00100 
•00200 
•00300 



Values of M for n = 



O^OIO. 



0^012. 



3-2260 
1-8210 
11185 
0-8843 
0-7672 
06970 
0-5284 
0-4722 
0-4535 
0-4441 
0-4300 
0-4254 



3-8712 
21852 
1-3422 
1-0612 
0-9206 
0-8364 
0-6341 
0-5666 
0-5442 
0-5329 
0-5160 
0-5105 



0-015. 0-017. 0-020. 



-_ I. 



4-8390 
2-7315 
16777 
13264 
M508 
1^0455 
0-7926 
0^7083 
0-6802 
0-6661 
0-6450 
0-6381 



54842 
3-0957 
1-9014 
1-5033 
r3042 
11849 
0-8983 
0-8027 
0^7709 
0-7550 
0-7310 
0-7232 



64520 
3^6420 
2^2370 
1^7686 
15344 
1-3940 
1-0568 
0-9444 
0-9070 
0-8882 
0-8600 
0-8508 



0-025. 


030. ; 


8-0650 


9-6780 


4-5525 


54630 


2-7962 


33555 


2-2107 


26529 


1-9180 


2-3016 


1-7425 


20910 


1-3210 


15852 


1^1805 


r4166 


1^1337 


1-3605 


M102 


13323 


10750 


1-2900 1 


r0635 


1-2762 

1 



The formula can, however, hardly be used in practical work 
without the aid of extensive tables. 

140. Bazin's later investigation of the results of 

experiments on flow in channels. — M. Bazin has lately 

returned to the study of the results of gaugings on flow in 

channels, and has examined a more extensive series than has 

ceviously been available (Anncdes des Fonts et Chauasies, 

J97). He remarks that in the Darcy relation 
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(6) 



I 



which proved to be suitable for pipes, the coDStants a aud 
have no very wide range of vafuea so long aa the experiments 
on pipes only are considered. But iu the case of open 
cbaonels, with their great diversity of size and character of 
surface, the constants a and /3 have so wide a range of values 
that the expression ceases to bo sufficiently useful as a guide. 
In addition, the form of the expression ia defective. For if 
m increases indefinitely, wiiy'ii* = a, and this has a different 
value for each class of channels. But it is reasonable to 
Buppose that in indefinitely large channels the influence of the 
roughness of the stream bed miist indefinitely diminish, so that 
in very large channels mi/v^ should tend to a value common 
to all classes of channels. 

After many trials, M. Bazin has adopted the following 
relation, which obviates the difficulty just stated :■ — 



M-^ 



1 which the constant a has the same value, 0'00635 (English 
3S), for all cl&sses of channels, and y3 varies with the 
diarocter of the surface of the bed. 

If the results of g&uging are plotted so that the ordinatea 
= t/mijv, and the abscissae x= 1/^/^, the expression may 
i written 

y = 0'00635 + (8j-. 

rif7 = ^/« 

y= 0-00635(1 + yi) . . (8), 

^e equation to a straight line. Results of this equation 
"plotted give a pencil of rays starting from 3;= 0, y = 0'00635. 
The inclination measured by the angular coefficient OOOCSSy 
increases as the roughness of the bed increases. Fig. 110 
shows a plotting. 

The following are Bazin's values of the roughness coefBcient 
7 in eq. (6) ■— 
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Bazin'b Values of 7 

L Very smooth. — Smooth cement, planed timber . 
II. Smooth. — Planks, ashlar, brick .... 
III. Rough. — Rubble masonry ..... 

III. bis. Rough, — Earth newly dressed, or pitched in whole 

or part with stone . ... 

IV. Very rough. — Ordinary earth canals 

V. Excessively rough. — Canals encumbered with weeds or 
boulders ........ 



7 = 0-109 
7 = 0-290 
7 = 0-83 

7 = 1-54 
7 = 2-36 

7 = 3-17 



For practical calculations Bazin's new formula can be put 

in the form — 

l^7'6 ^/mi 

.... \*'/* 



v = 



In this form the equation is extremely convenient for 
calculation. If m is known and v is to be found, the equation 



•030 



-025 



020 



* 



•015 



•010 



■00a 



000 




000 



Fig. 110. 



can be used quite straightforwardly. If v is given and the 
dimensions of the channel are to be found, it is best to proceed 
by approximation. Clioose from tables or experience any 
roughly probable value of m. With this calculate 1 + 7/ /^/m, 
and with this find a new value of m by eq. (9). With 
this new value recalculate l + y/f^m, and then find a more 
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approximate value of m by eq. (9). These two steps of 
approximation are generally sufficient. 

It will be seen that the Chezy form of equation 



V2 

^2g 



or 



v = e y/{mi) 



■ (10) 



is identical with Bazin's, if 



f= 



''^''■^ 



157-62 



= 000259 



(-^' 



or 



c = 



167-6 



1 + 



\/m 



. (10a) 



The following tables give values of 1 + -^ calculated 

with Bazin's values of 7, for a series of values of m and 
for all classes of channels. Also the corresponding values of 
f and c in eq. (10). 

In selecting values of ^ or c it should be remembered that 
the roughness is often increased by organic growths after the 
channel has been some time in usa Fitzgerald has given 
some interesting observations on a large aqueduct at Sudbury. 
The culvert is circular, 9 feet diameter with an invert of 
13*2 feet radius; it is lined with brick, with cement joints. 
It has been found that if the surface of the brickwork is not 
cleaned it accumulates in the course of a year so much organic 
slime that the discharge flowing full is diminished 10 per cent 
{Trans. Amer. Soc. Civil Engineers, xliv. 87). 
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Valubs of 1 + -7= 



IN Bazis'b Equation 



VY _1 %9 


1 


Values of 1 + -~= for y 
vm 


= 


1 

1 

1 

1 


Hydraalic 














Mean Depth 
in Feet. 


•109 


-290 


•83 


1-54 


2-36 


3-17 

1 






for Cat 


Bgories 








I. 


II. 


III. 


IIL bit 


IV. 


V. 


1 


1-109 


1-290 


1-830 


2-540 


3-360 


4-170 


2 


1077 


1-205 


1-587 


2-088 


2 668 


3-241 


3 


1-063 


1167 


1-479 


1-888 


2361 


2-829 


4 


1055 


1145 


1-415 


1-770 


2^180 


2-585 


5 


1-049 


1129 


1-371 


1-688 


2054 


2-416 


6 


1044 


1-118 ' 


1-338 


1-628 


1-062 


2-293 


7 


r041 


1110 • 


1-313 


1-582 


1-892 


2198 


8 


r039 


1 102 


1-294 


1-545 


1-835 


2-122 


9 


1036 


1097 


1-276 


1-512 


1-785 


2055 


10 


1034 


1-092 


1-262 


1-486 


1-745 


2-001 


11 


1-033 


1-087 


1-249 


1-463 


1-710 


1-954 


12 


1032 


1084 


1-240 


1-445 


1-682 


1-916 


13 


1-030 


1-080 


1-229 


1-426 


1-653 


1-878 


14 


1-029 


1077 


1-221 


1-411 


1-630 


1-846 


15 


1-028 


1075 


1-214 


1-397 


1-G08 


1-817 


1 16 


1-027 


1073 


1-207 


1-385 


1-590 


1-791 


17 


1026 


1071 


1-202 


1-374 


1-573 


1-770 


18 


1026 


1-068 


1195 


1-363 


1-556 


1-748 


19 


1025 


1-066 


1-190 


1-352 


1-540 


1 725 ' 


20 


1-024 


1-065 


1-185 


1-344 


r528 


1-710 


25 


1022 


1058 


1-166 


1-308 


1-472 


1-634 i 


36 


1-018 


1-048 


1-138 


1-257 


1-393 


1-528 







m^^i 


^^ 


H 
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r 

Bazik'8 Viinaa or ( in EqcAirow (10) 


i 


ri 






V»]aMofffor'^ = 






Hrdr..Uc 










khmlkptli 


•109 -890 -830 1-&4 S-S6 


3-17 






taPxt. 








roT Catcgorira 




L 


IL 


in. 


IILM* 


rv. 


V. 




1 


■00319 


-00429 


■00867 


-01670 


■02923 


■04 60S 






S 


■00300 


00376 


•00652 


■01129 


-01844 


■08710 






3 


■00293 


■00352 


-00567 


■009S2 


■01442 


■08078 






4 


■00287 


■00339 


-00518 


■00810 


-01230 


•01 730 






Q 


00285 


00329 


-00486 


■00738 


■0109B 


■01612 






6 


■00282 


-00323 


-00463 


■00688 


■00997 


-01362 






7 


■00279 


-00318 


■00445 


■00647 


■00937 


■01 250 






8 


■00279 


■00313 


■00432 


'00619 


-0087 S 


■01170 






9 


■00277 


■00311 


■00422 


-00592 


■00826 


■01092 






10 


■00277 


■00308 


■00411 


■00572 


■00789 


■01036 






11 


■00377 


-00305 


■00404 


■00554 


■00756 


■00989 






IS 


■00276 


■00304 


■00398 


-0054 1 


■00738 


■00960 






13 


■0027* 


00302 


-00391 


■00626 


■007O7 


■00914 






U 


■00S74 


■00300 


•00335 


00615 


■00688 


■00H83 






15 


■00274 


■00298 


■00380 


■00605 


■00670 


■00855 


■ 




16 


■00273 


-00297 


■00377 


■00497 


■00666 


■0OB3I 






17 


■00871 


■00296 


■00373 


•1)0489 


■00639 


■00810 






18 


•00871 


-00286 


■00370 


•00481 


•ooese 


■00791 






19 


■00271 


-00294 


■00366 


■00473 


0001 a 


■O077I 






SO 


■00270 


■00898 


■00363 


•00467 


■00606 


-00766 






S5 


-O0S69 


-00290 


■00362 


00442 


-00602 


■00691 






36 


■00867 


-00286 


■00336 


■00409 


■0080! 


-00606 






/ 
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Valaai of c for 7 = 






HydrmaTir 
















L 


IL 


UL 


111 Sii 


nr. 


V. 




0-109 


122-5 


0-S3 


1-M 


3-36 


3 17 


I 


U2i) 


Si5-S 


6S-1 


47-0 


37-8 


2 


U<54 


131-0 


99-3 


75-5 


591 


48-6 


3 


145-2 


135-2 


l<W-5 


sz-e 


66-8 


55-8 


4 


149-< 


137-^ 


111-4 


89-1 


72-3 


61-0 


5 


IS-.^S 


139-$ 


115-0 


93-4 


76-8 


65-3 


i; 


151-0 


141-2 


117-9 


96 -S 


80-4 


688 


■ 


151-5 


142-2 

1 


120-2 


99-7 


63-3 


71-7 


S 


1521 


143-4 


122-0 


101-9 


85-9 


741 


9 


1524 


143^ 


123-4 


104-3 


88-2 


76-8 


10 


•» 


1445 


125-1 


V^^> 


90-3 


79-0 


11 


•« 


, 145-3 


I2S-i 


107 -* 


92-3 


80-7 


li 


1527 


145-3 


127-1 


109-1 


93-8 


82-3 

1 


13 


153-3 


I46v 


12* -S 


110-7 


95-4 


83-9 


14 


!• 


l4«-5 


129*3 


111-7 


96-5 


85-4 


15 


^ 


147^: 


:3*j-i 


112-9 


98^ 


86-7 


16 


1535 


147-2 


I*: -7 


113-7 


99-2 


ss-o 


17 


154-1 


147-4 


131-3 


1:4-5 


10-3-3 


691 




^ 


:47 - 


13: -i 


115 7 


l'?l-4 


90-2 ; 


: I 


■ • 


U" .- 


l?i •? 


;;^v 


::i4 


51 --4 


^ * 


:?4-4 


li- 4 


I :-1 i 


::" 3 


1:3 : 


.-23 


•■ * 


:m : 


lAi 


* '•" i 


• f ■ •? 


::7v 


!?5-5 




' * * - 


1 -.^ t 


IJ'i' 4 




1:3 i 


I'jZv 


Af .W" 


• ■ 


- * i — ^• 


i3 TiTLil 


• 




li^nzs : 






^iTT 



.& 






m ^ m 



— - -rr-- - 
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invert was conca«ted, and about 50 per cent completely lined. 
The area when running full was 64'8 sq. feet in the lined 
part, and 78'3 sq. feet in the unlined part. With water 
flowing 7 feet deep, m = 3'1 in the unlined and 287 in the 
lined part. The gradient is 1 in 5f>00. The following are 
some roaultfi ohtained by Mr, Bruce (^Proc. Jnat. Civil Enginetrs, 
cxxiii): — 

LuGU Katrikb Conddit 



Depth of water 


1-72 


2-42 


2-73 


2 94 


Croes Mction of water 


14-2 


20-8 


23-7 


26-6 


Diecharge cubic twX por see. Q . 


25-6 


46-8 


53-6 


53 -6 


Mean velocity .... 


1-87 


2'Sl 


2-28 


2-08 


Hjdraulie meAU depth 


l'S3 


1-eo 


1-74 


1-81 


Value of e .... 


I3B-4 


189-3 


126-fl 


13S-6 



*141. Channels of circular section. — Aqueducts and 
(Bwers are sometinies of circular section, and concrete open 
Channels have been made of semicircular section. For 
calculations of the discharge of such channels running partly 
full the following table is useful. Let r be the radius of the 
channel and d the depth of water : — 



d 


7 




v/" 




■06 


032 


■021 


179 


■0037 




10 


052 


•060 


229 


0137 




\b 


096 


■107 


310 


0332 




SO 


128 


■165 


357 


0589 




30 


185 


■294 


430 


1264 




4« 


242 


■450 


492 


2214 




60 


293 


■614 


641 


3321 




60 


343 


■795 


686 


4658 




70 


3B7 


■979 


622 


6089 




80 


429 


M76 


655 


772 




SO 


466 


1-371 


683 


936 




00 


500 


1671 


707 I 


109 




2 


556 


1-968 


746 1 


469 




4 


692 


2-349 


769 1 


807 




6 


608 


2-694 


780 2 


098 




8 


596 


2-978 


772 2 


300 


\. 1 


500 


3-141 


707 2 
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^mj ^r and (^ »/m)l(.f */r) are the relative velocities 

Bsd discharges with difTereDt depths in the channel. Tha 

I greatest velocity is when the depth is 16r, and the greatest 

I discbarge when the depth is l-8r approximately. 

I 142. Egg-shaped channela or sewers. — In aewers for 

discharging etorm water and house drainage the volume o( 

Sow is extremely variable ; and there is a great liability for 

deposits to be left 

^ 4 #.' when the flow is 

"fi"'!-^ -N. 1 small, which are not 

nmoved during tiw 




Fig. 111. 



tiie Bow IB Urgei Tin 
aower in couaqottxe 
beoiHnfla choked. To 
obtain tmifonn Boonr- 
ing action the velooitf 
of flow should be con- 
stant or nearly so ; a 
complete uniformity 
of velocity cannot be 
obtained with any form of section suitable for sQwers, but an 
approximation to uniform velocity is obtained by making the 
sewers of oval section. Varioos forms of oval have been sug- 
gested, the simplest being one in which the radios of the 
crown is double the radius of the invert, and the greatest 
width is two-thirds the height. The section of such a sewer 
is shown in Fig. Ill, the numbers marked on the figure 
being proportional numbers. 

The following results &cilitate calculations on sewers 
flowing partly filled. Let d be the greatest width (that is 
four units in the figure). Then — 



isr 


Aim of 
SMUoa. 


Wrttad 


H^dnnlu 
Mgu Depth. 


BaUUn 


Full. 
}faU 


I-146&(P 
OiB4<kP 


S-394i 
l-376ii 


0-%89U 
O-SlfiTd 

o-soew 


l-OOO 
0-887 
0-S09 
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I last column gives the relative discharge neglecting the 
nation of the cuefficient c 

143. Trapezoidal channels. — ArtiSciaJ cbannele are 
mmonlj trapezoidal in section, the side slopes being deter- 
bed by the stability of the banks and the kind of protection 
Eiinst degradation adopted. 



Angle (rf Bld« Blopea. 


RaUo of Side Slope-. 


Cluracter of B>Dk. 


* 
SO" 
63°20 
45- 
\. 33"40 
1 86-30 
n 21°48 
1 18*80 


to 1 

0-6 to 1 

1 to 1 

Ijto 1 

2 to 1 
S^ to 1 

3 to 1 


PUnka or muonry. 
MaBonry or brick walls. 
Stone pitching. 
Firm earth, 

I Loose earth. 



Let B be the top and b the bottom width, d the depth, 
i the slope angle, and n the slope ratio, so that tan = l/n. 

Top width = B = i + 2nd. 
Area of section = fi = (A + nd)d. 
Wetted perimeter = ^ = 6 + 2(i v'n^TT- 




\<-"n</- »i.--3---^ 



144. Trapezoidal channel of TniTiimTiTn section for given 
side slopes. — Various practical considerations determine the 
general form of the section of a channel. In a navigation 
canal the depth ia fixed by the draught of the boats. In 
_ I irrigation canals the depth is limited so aa to aw^'"' 
berfereoce with subsoil drainage, and the caoals 
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width equal to ten or twenty times the depth. In yaluable 
ground the width is restricted and a rectangulsir section is 
used. The longitudinal slope i is determined hj the slope of 
the country and the limiting velocity which can be permitted 
consistently with the stability of the canal bed. The side 
slopes are fixed by the character of the banks. 

If a channel is constructed for a given discharge and given 
longitudinal and given side slopes, then there is a proportion 
of breadth to depth which makes the area of cross section, and 
therefore the amount of excavation, a minimum. The resist- 
ance to flow depends on the wetted perimeter, and the velocity 
will be greatest and the section least for that form for which 
the wetted perimeter is least. 

Di£ferentiating the expressions for A and j^ given above, 
and equating to zero, 

f Tj + njd + 6 + fid = 0, 



^ + 2^/(n«+l) = 0. 



Eliminating dh/dd. 







^ = 2{vV + l)-n}. 






n = 

1- 


0-5 


1-0 li 2 


H 


3 


1-24 


0-82 0-60 0-48 


0-38 


0-32. 



If this value of b is inserted in the expressions for ft and 
X, we get a very convenient characteristic of channels of the 
most ecoDomical section — 

n_{2 d,/(n^^l)-nd}d d 
. X 4d s/{n^ + I) - 2nd " 2 ' ' ^ ^' 

That is, in channels of the most economical form, with 
given side slopes, the hydraulic mean depth is half the actual 
depth. It will easily be seen that this is a characteristic of 
the semicircle, the half square, and the half hexagon. A 
simple geometrical construction shows that for all such channels 
the sides and bottom are tangents to a semicircle having its 
centre on the water-surface. 
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Let Fig. 113 represent & trapezoidal cliannel of ininimum 
Bction, for aide alopee of n to 1. Let £ be the centre of the 




f*"" *"v-surface, and drop perpendiculars EF, EG, EH on the 
Let AB = CD - « ; BC = 4 ; EF = EH - c ; EG - A 
a = AEB + EBO + ECD 
lii 

That iB, EF, EG, EH are all equal, and a semicircle with 
centre at E touches AB, BC, CD, A circle struck from A 
with radius AE will pass through B. 



Since the hydraulic 

M + iw = U^a + b)d, 



depth is half the actual depth. 
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The velocity in a channel is 



LetA = x/Vfl 






^ . • • (12). 



For a given section of channel the velocity and therefoie 
the discharge will be greatest if ll ijk is greatest, so that 
this can be taken as a value figure for channels of various 
forms. 

It is not generally convenient to adopt exactly the form 
of a channel of minimum section, but the theorem indicates 
the form towards which actual channel sections should tend 
if practicable For other forms of section m>d/2, and the 
mean velocity for a given longitudinal slope is les& The 
other limit to the value of m is c2. For in a channel of great 
width b, and small depth d, £l = bd and x == ^ nearly, so that 
m^d nearly. 

The mean velocity varies as Vm. Hence, taking the 
extreme cases of m = d/2 and m^d, the corresponding mean 
velocities will have the ratio 



t^2 V 2/ 



j/ y/d = 0-709. 

For a given discharge the areas of the channels would be 
in the inverse proportion. 

145. Discharge of a channel with different depths of 

water flowing. — Consider a rectangular channel with a stream 

of water of width b and depth d. 

*■ 3 A The area is il==bd, the hydraulic 

mean depth is m = bdjQ) + 2d). The 
discharge is 

/— / W* 

Q = I2tJ = cQ y/mi = cbdl ^ ^ grf' 

Fig. 114. 

that is, as i is constant for a given 

channel, and c will only vary a little with the variation 

of size, 






Q T&ries as - 



1 is the discharge detenumed by gauging for a depth 
, then the discharge for any other depth is 



<^'<)'jm 



(13). 



. rectangular channel draining an area of 572,000 acres 
8 60 feet wide, with a, depth of water of 3 feel it ia foond to diKharge 
■100 cubic feet per second. Then eqaation (13) b 



The following table givea the mean monthly depth of water deduced 
from daily observations and the discharge calculated hy thia (ormuk. 
From this the total discbarge of the Mieam in each month can be found, 
and this divided by the drainage area, SliftlO miUitm iqnare feet, gives 
the depth of raiafall in each month equivalent U> the stream discharge. 
The observed mean rainfall is alw giren. The ratio of the stream 
discharge or off-flow from the gtoand to the rainfall varies with the 
•eaion, and is an important datum in certain problems of water itotage. 
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The mean depth of water and mesa rainUl ar« tba aVBragv of Hv» 
year^ otMen-Btions. The smaller the intervals of time fi>r which thu 
means are taken, tbe more approiinuuc w<iald b« lbs rcaalL 

146. Parabola of discharge. — In a rectangnUr chaunol 
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of width b and depth (2, if 5 is large compared with d, n = bd 
and m = d nearly. Then 

that is, for a given channel Q varies sa cfl. In a triangular 
channel the width b is proportional to d, bo that tl = fuP and 
m^vd, where fi and v are constants depending on the inclina- 
tion of the sides of the channeL Then 

(i = efi£P^/vdlf 

or Q varies as cfl. Ordinary channels are of a form between 
these two, so that at least for a limited variation of d in a 
given channel the discharge may be taken to vary approximately 
as <2^. In that case, if the depths of water are ti^en as ordinates 
and the discharges as abscissae the curve of discharge is a 
parabola. It often happens that an approximate estimate of 
the total discharge of a stream is required when the only 
continuous records available are readings on a gauge of the 
surface-level of the stream. In such cases it may be assumed 
that Q varies as ((2 -f B)^ for the range of variation of level which 

occurs in such cases, where 



J? 






^ 



/*^yV^^//^y^j^^>^^w^^y????M> 



O 



Fig. 116. 



d is the actual depth of 
water and S a quantity to be 
determined. Suppose that, 
by gauging, the discharges 
Qi, Q2 for two depths d^, d^ 
of water in the stream have 
been ascertained. 

Take AB = d^, BC = Q^, 
AD = rf^, DE = Q2 (Fig. 
115). Then C and E are 
points on the discharge 
curve, which is assumed to 
be approximately a para- 
bola with its vertex at 
From the properties of the 



some point at S below A. 

parabola 

BC = Qi = 4a{d^ + 8)\ 
DE = Qg = 4a(rfj + 6)2, 

where a is the parameter of the parabola. Hence 
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^H When S and a have been determined, the discharge for 
K*ny value of d ia easily calculated to an approximation sufficient 
in many cases where comparisona of stream discharge and 
rainfall have to be made. 

147. General distribution of velocity at different points 
in the cross section of a channel. — Even a cvirsory observa- 
tion of flow in an open channel shows that the velocity of 
translation along the channel is greater towards the centre 
and surface and leas towards the bottom and sides. A more 
careful investigation indicates some marked peculiarities, and 
a knowledge of these is of practical importance in considering 
various methods of gauging the volume of flow in streams. 

By means to be described presently, the mean forward 
velocity at a number of points in the cross section of a stream 
can be determined. This was first accomplished in a quite 
satisfactory way by Darcy, and an example from his work 
will be taken as an illustration. 

Fig. 116 shows the cross section of a rectangular channel, 
0*25 metre deep and 0'8 metre wide, in which the velocity 
was observed at 36 points at the intersection of the verticals 
M,_ff, . . ., and the transversals aa, bb, . . . The velocities 
at each point on a transversal set up from the transversal 
vertically give points on a transverse velocity curve. Thus 
aaa is the transverse velocity curve along aa, bbb that along 
bb, and so on. Similarly, the velocities at each point on a 
vertical set off from the vertical horizontally give points on a 
vertical velocity curve. Thus ee is the vertical velocity curve 
for the vertical ee, ff that for ff, and so on. The vertical 
curves show that the greatest velocity is not at the surface, 
but somewhat below it. From the level of greatest velocity 
at any vertical the velocity decreases upwards and downwards. 
There is another way of representing the distribution of 
velocity. If at points on the vertical curves where the 
velocities are 1'2, 11, I'O, 09, and 0'8 metres ^ec second.. 
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horizontals are drawn to the correspondiag verticals, points are j 
found in the section ou curves of equal velocity. These curves | 
correspond to the contours of a solid whose base is the cross 
section of the stream, whose height at any point is the velocity 
at that point, and whose volume la proportional to the 
discbarge of the stream per second- The maximum velocity 
is Du the centre vertical below the surface, and &om that | 
point the velocity decreases in all directions. 

Messrs. Fteley and Stearns made very careful gaugings ct i 
the brick conduit at Sudbury with different depths of water 
flowing. The conduit is 9 feet diameter, with an invert of * 
13-2 feet in radius, the height of the conduit being 7'7 feet 
{Tram. Amer. Soc. Civil Engiiuers, 1S83). With the greatest 
flow the velocity was measured at 167 points in the crosg 
—^HCtion. Tlie following are some of the results obtained ; — 
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148. Depreaaion of the point of greatest velocity. — In 
calm weather the maximum velocity is below the surface, and 
this is not due, as has been sometimes supposed, to a resistance 
of the air siioilar to that of the stream bed, for it is the case 
with a wind down stream which should accelerate the earface 
layer. In a rectangular channel the velocity is highest at the 
centre and falls to about half depth at the sides. In channels 
with sloping sides it rises from the centre outwards, and may 
be at the surface at the edges of the stream. The cause of 
tlie depression has been much discussed. Eddies of water 
stilled by contact with the bed are thrown ofi", and wander a 
through all parts of the stream, but accumulate and spread out 
at the surface. In the Mississippi gaugings it was found that 
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the depression of the line of maximum velocitj increased with 
an upstream and decreased with a downstream wind, but this 
result has not been found in some other casea Perhaps it 
depends on the presence or absence of waves or ripples on 
which the wind can act. 

149. Vertical velocity curve. — In purely viscous stream- 
line motion the vertical velocity curve would be a parabola 
with a horizontal axis at the &ee surface. In ordinaiy 
turbulent motion in streams the vertical velocity curve 

agrees fairly well with a paia- 
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bola having a horizontal axis 
at the level of maximum vel- 
ocity. Without assuming this 
* to be more than a convenient 
approximation, it is a result 
useful in discussing the rela- 
tions of the velocities at differ- 
ent depths in a stream. 

Let AOC (Fig. 117) be a 
parabolic velocity curve, the 
axis being a horizontal through 
0. Let V be the maximum, 
Vq the surface, v^, the bed vel- 
ocity, and V the velocity at any point P. Let Z be the depth 
of the filament of greatest velocity, z the depth of P, and 
D the whole depth of the stream. Then from the properties 
of the parabola 

(z - Z)2 = K(V - v\ 

where K is the parameter of the parabola. Hence 




Fig. 117. 






(15). 



Mean velocity at a vertical — If a fairly large number 
of velocities at equal distances on a vertical are observed, the 
arithmetic mean is very approximately the mean velocity at 
the vertical If the number is small the arithmetic mean is 
less than the true mean velocity. If through observed points 
a fair vertical velocity curve can be drawn, the mean velocity 
at the vertical is the area of the curve divided by the depth 
of the stream. 
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AfiSTuning that the vertical velocity curve is a parabola 
such as is shown in Fig. 1 1 7, the mean velocity is the mean 
ordinate of AOC, that is — 

U = g {area EAOCF} 



area EGHF - i (area AGOK + OLCH) j 



-hi 

.V-l(V-.,)|-l(V-.»)(l-?) 

But by the equation above, when 

Z* 



u=v- 



K 
3^{Z» + (D-Z)»} 



D» DZ_Z« 

DZ 1 D» ,, -, 

"""^Ik'sk • • • • t*"/' 

D 

If V. g is the velocity at half depth, patting z^-x in the 

equation above, 

DZ D* 
•*»"*'•* K-4K' 

SO that the half- depth velocity is greater than the mean 
velocity at the vertical only by the small quantity I^/H 2K), 
a result which depends on the asramption of a parabolic cnrr^, 
but which cannot be mneh wrong, and this in nsefol in practical 
gauging. In Cunningham's Boorkee gat^ngn with floats, mnt:h 
attention was paid to this point, and the mid-depth vcl/xnty 
was found a Utde greater tibaii the mean vdoeity at the vertir;al 
in forty-two omss oat of fDrty-sn. The Mftnfg^ fA a large 
number of tesolls gpue V/^^^ Or^A to O^t, 
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If two velocities can be observed on a vertical, then a 
better approximation to the mean velocity IJ can be found. 
Thus the parabolic law shows that if the velocity at the sor&ce 
and ^ depth is observed, 

150. TranBTerse Telocity carves. — In a channel sym- 
metrical about its centre line, the transverse velocity curve at 
any level shows a maximum velocity at the centre, a slow 
decrease of velocity towards the sides, more rapid as the banks 
are approached, and very rapid near the banka In an 




Fig. 118. 

unsymmetric channel the greatest velocity is over the deepest 
part of the stream. 

Fig. 118 shows the results of a very careful current-meter 
gauging of the Eger at Falkenau by Wilhelm Plenkner of 
Prague. The river is 321*6 feet wide. The vertical scale Ib 
exaggerated ten times. The curve 1 passes through the points 
of maximum velocity, which throughout is somewhat below 
the surface. Curve 2 passes through the points of mean 
velocity on each vertical a little below half depth. Curve 3 
passes through points where the velocity is equal to the 
mean velocity of the whole section. Curve 4 is the transverse 
mean velocity curve, that is, its ordinates are the mean 
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velocitieB on each i^ g tei L Girv^ 3' k s&s- taaoavBas ^"t^^"w» 
velodtj 
151. 
of the Bhine at Wwrff n&e 
found to be eq[aad W tfts idshl 
The ratio (d the aicflaa fii cfisr 
varied from 0^7 W S^^io^^ ts&e- 
of the mean Telodrf fa- ^iut 
sartace Tdodtj was oi tfiisr 
the same ratio ii 
gives some ¥alaei 
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152. Aquadoeta. — Any work bj which water is convejed 
may be termed an aqnednct, but the term is nsoallj applied 
to important works in which water flows hj gravitation, and 
speciallj to those conveying the water-supply of town& 
Where the taH of the coontry is soitable the water may be 
conveyed in a clii^nnpl contoored to the slope of the hydraulic 
gradient The rhimnpl may be an open channel, such as the 
conduit which brings water from Staines to London. More 
commonly it is covered to protect the water firom deterioration, 
but the water flows precisely as in an <^en channel GeneraUy, 

\r 
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such an aqueduct is of a composite character — part in tunnel 
where the ground is above the hydraulic gradient; part in 
cut and cover, that is, built in an open trench and then 
covered in. Across valleys the aqueduct must be carried on 
piers, or more commonly the water is conveyed in one or more 
pipes, termed inverted siphons, falling from the hydraulic 
gradient at one end and rising to it again at the other end. 

Roman aqueducts. — ^Amongst the most striking engineer- 
ing works of antiquity, of which parts still exist, are the 
aqueducts constructed for the water-supply of Rome cmd other 
cities of the Roman empire. The Appian Aqueduct at Rome 
was constructed in 313 B.C., and conveyed water from springs 
ten miles distsmt from the city, in a channel 2^ feet wide by 
5 feet deep. Others were subsequently constructed, till there 
were fourteen aqueducts, of lengths varying from 11 to 
59 miles, and aggregating 359 miles. Of the total length, 
55 miles were on arches, and the remainder chiefly under- 
ground. The channels were lined with cement and roofed with 
slabs, and the gradients varied from perhaps 1 in 500 to 
1 in 3000. Herschel estimates the total supply to the city 
of Rome at 50 million gallons daily, with an additional supply 
to districts outside the city. The water was often distributed 
by lead pipes, and lead siphons of 12 to 18 inches diameter 
have been found. 

Tjrpes of aqueducts. — Fig. 119 shows cross sections of 
some important aqueducts. A, B, C are sections of the 
new Loch Katrine aqueduct. 

153. Examples of aqueducts. — (1) Loch Katrine 
aqueduct — This was designed to convey 50 million gallons 
per day from Loch Katrine to Glasgow, but the roughness of 
the channel was not fully allowed for, and it probably carries 
only about 40 million gallons. The top water surface in 
Loch Katrine is 367 feet above mean sea-level, and the water 
is delivered into a service reservoir at Mugdock, 26 miles 
distant, where the top water-level is 317 feet above mean 
sea-level. Of the 26 miles of aqueduct, 3|^ are cast-iron 
pipes across valleys, 11|^ miles are in tunnel, and 10^ miles 
are bridges and masonry in cut and cover. The tunnels are 
8 feet in diameter, with a fall of 10 inches per mile. The 
channel in cut and cover has the same gradient as the tunnels. 
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Portions of the pipe line consist of two 48-inch and one 
36-inch pipe, or of four 36-inch pipes, the general hydraulic 
gradient being 5 feet per mile. An additional aqueduct has 
now been constructed following generally the line of the old 
aqueduct, with the object of ultimately maintaining a supply 
to the city of 100 million gallons per day. In the new 
aqueduct, with water flowing 7 feet deep, the area of section 
is 78'3 square feet The wetted perimeter 24*9 feet The 
hydraulic mean depth 3*1 feet The slope 1 in 5500. The 
estimated discharge is nearly 72 million gallons per day 
(Proc. InU. Oitnl Engineers, 1883). 

(2) Thirlmere aqueduct^ for the supply of water to 
Manchester. — This is designed to convey 50 million gallons 
per day firom Lake Thirlmere to a service reservoir at 
Prestwich, a distance of 96 miles. There are 14 miles of 
tunnel, 37 miles of cut and cover, and 45 miles of cast-iron 
pipes. The tunnels are 7 feet 1 inch wide, the side walls 
5 feet high, cmd the arch rises 2 feet They are for the most 
part lined with concrete, but in parts only the floor is lined. 
The thickness of floor lining is 4^ inches in cloee rock to 
18 inches in bad ground. Walls 12 inches to 18 inches 
thick. Arch ring 15 inches thick. Where the tunnels are 
unlined their width is increased to 8 feet 6 inches, to allow 
for the greater friction due to irregularities of the rough rock 
surface. The cut -and -cover channels are also of concrete. 
At full supply the water in the conduit will be 5 feet 6 inches 
deep. The pipe line was designed to have three parallel 
4 8 -inch pipes in the first part, and five parallel lines of 
40 -inch pipe in the later part, the pipes varying in thickness 
from 1 to 1|^ inches, with socket joints run with lead. The 
second pipe laid has been increased in diameter from 40 to 
45 inches. The surface of the lake when full is at 584 feet 
alx)ve O.D. The aqueduct starts at 527 feet above O.D. and 
ends at Prestwich at 353 above O.D. The ruling gradient 
is 20 inches per mile, but extra fall is given to the pipe line. 
Along the aqueduct there are manholes at every quarter mile. 

New Oroton aqueduct, New York, U.S.A. — In this 
aqueduct there are 30 miles of tunnel, 1 mile of cut and 
cover, and 2^ miles of pipe. About 7 miles of the tunnel 
is of circular form 1 2^ feet in diameter, and is under pressure. 
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amoUDting at one point to 120 feet of head. The remainder 
of the tunnel is horseshoe -shaped, IS feet 7 inches in width 
aod height. For 25 miles the gradient is 0'7 feet per mile. 
The tunnel is lined with brickwork 12 to 24 inches thick. 
The discharge is about 300 cubic feet per second. 

154. Elver bends. — In rivers flowing in dUuvial plains 
the windings which already exist tend to increase in curvature 
by the scouring away of material from the outer bank and the 
depoeitioD of detritus along the inner bank. The einuoeitiee 
sometimes increase till a loop ia formed with only a narrow 
strip of land between the two encroaching branches of the 
river. Finally a "cut off" may occur, a waterway being 
opened through the strip of land and the loop left separated 
from the stream, forming a horseshoe-shaped lagoon or marsh. 
Professor James Thomson has pointed out (Proc. Eoyal Soc. 
1877, p. 356; Proc. Inst, of Mech. Engineers. 1879, p. 456) 
that the usual suppceition is that the water, tending to go 
forwards in a straight line, rushes against the outer bank and 
acours it, at the same time creating deposits at the inner hank. 
That view is very far 
from a complete account 
of the matter, and Pro- 
fessor James Thomson 
has given a much more 
ingenious accouut of the 
action at the bend, which 
be has completely con- 
firmed by experiment. 
When water moves 
d a circidar curve 
under the action of 
gravity only, it takes a 
motion like that in a free 
Tortex. Its velocity ia 
ter parallel to the axis 
the alream at the inner than at the outer side of the bend, 
[ence the scouring at the outer side and the deposit at the 
ler side of the bend are not due to mere difference of velooity 
flow in the general direction of the stream ; but, in virtue 
the centrifugal force, the water passing round the ^^ 
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presses outwards, and the free surface in a radial cross section 
has a slope from the inner side upwards to the outer side 
(Fig. 121). For the greater part of the water flowing in 

curved paths, this 
"*«5b!*'*'' *^" .^ difference of pressure 

produces no tendency 
to transverse motion. 
But the water im- 
mediately in contact 
with the rough bet- 
Fig. 121. tom and sides of the 

channel is retarded, 
and its centrifugal force is insufficient to balance the pressure 
due to the greater depth at the outside of the bend. It 
therefore flows inwards towards the inner side of the bend, 
carrying with it detritus which is deposited at the inner bank. 
Conjointly with this flow inwards along the bottom and sides, 
the general mass of water must flow outwards to take its place. 
Fig. 120 shows the directions of flow as observed in a small 
artificial stream, by means of light seeds and specks of aniline 
dye. The lines CC show the directions of flow immediately in 
contact with the sides and bottom. The dotted line AB shows 
the direction of motion of floating particles on the surface of 
the stream. 

Problems.^ 

1. A river has the following section : lx)ttom width, 300 feet ; depth 

of water, 20 feet ; side slopes, 1 to 1 ; fall, 1 foot per mile. 
Find the discharge, using Darcy's coefficient for earth channels. 

Darcy, c = 100 ; Q = 37,340 cubic feet per second. 

2. A canal is to be constructed for a discharge of 2000 cubic feet 

per second. The fall is 1 '6 feet per mile ; side slopes, 1 to 1 ; 
bottom width, ten times the depth; c=120. Find the 
dimensions of the canal. 

Depth, 6-23 feet ; bottom width, 6 2 3 feet 

3. Required the dimensions of a trapezoidal channel of the most 

economical section to convey 600 cubic feet per second, with a 
fall of 2 feet per mile, and side slopes H to 1. f = -0035. 

Depth, 7-48 feet ; bottom width, 4 49 feet 



^ When not otherwise stated, Buzin's values of the coefficients for channels 
bare been used. 
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M^lcolate the disdiai^ of tbe ^nncl dctoKBcd im (J;, takiog 
Bazin's coeffident Ibr ado eotaed widk Hom ptteUi^ 



5. An irrigation canal in earth with m%t dopes 1^ to 1 eoDTCTi 

600 cubic feet per Keond at a ^eiocztj of 2| feci per woond 
Design a raitable canal aeeiioB witk a depcJb of 3 i^eet. 

Afcaof MctioB, 240 cqqare feet ; «i»2iS87; 
e»64'6; t^-OOO&^T or 2-94 feet per mile: 

6. A bnck culTert, 5 feet 6 isi^ca in diaiacter aad 4000 fe«t long^ 

conyeyB 150 cobk feet per Mcond wben nmsta^ falL Tmi the 
fieill in feet nrrrnwiij 7-3 JBet. 

7. An oval brick sewer, Howmg two-thirds ftill, m 4 feet wide aad 

6 feet high. Find the fell in fe«t per mile to gire a reloeitj of 
3 feet per second, and the disehaige. 

2-4 feet ; M^ eobie feet per second, 

8. A canal is to be eat in earth with side slopes 2 to 1, and a fell of 

9 inches per mile The diadbaf^e » to be 6000 enbic feet per 
minute, and the depth 3 feet Und the dimensions of canaL 
(Solve bj approrimation,) 

Aamming si «> 3, 6 » 18-2 feet ; 

then SI -c 2-29, and 6 « 24 feet 

9. A semicircular channel of smooth cement is 5 feet deep and slopes 

at 1 in 1000. Find the discharge 

115'7 cnbie feet per second. 

10. A trapezoidal channel cff the most economical ferm, with sides of 

rubble masonrj, has a depth of 10 feset and nde slopes of 1 to L 
Find the disch^ge when the fell is 18 inches per mile. 

6 = 8-2; if-3-28; = 182; Q = 597. 

11. A rectangular ashlar masonrj channel is 12 feet wide and 4 feet 

deep, and has a slope of 1 in 5000. Find the relodtj and 
discharge. 2-91 feet per second ; 139*6 cubic feet per second. 

12. The water section in the aqueduct at Dijon is 2 feet wide and 1 foot 

deep, and the sides are smooth cement The slope is 1 in 1000. 
Find the Telocitj and discharge: 

3-05 feet per second ; 6-1 cubic feet per second. 

13. Find the equation to the discharge parabola of the Sudbury 

aqueduct from the data in { 147, and draw the curva 

Q«4(rf + 0^38)«. 

14. A channel has an hydraulic mean depth of 5 feet Compare the 

discharges if the sides are of smooth cement, and of rubble 
masonry. 1*30 to 1. 

15. The top width of an irrigation canal is 200 feet, the depth 10 feet, 

and the side slopes 3 to 1. The slope is 15 inches per mile. 
Find the discharge. v = 386 ; Q = 6567. 
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155. For various purposes the engineer needs to gauge the 
flow of streams. For instance, in determining the value of 
a fall as a source of water power the volume of flow throughout 
the year must be ascertained. The flood discharge is of little 
value unless storage reservoirs can be constructed. The 
ordinary summer flow and the minimum flow are fieuitors of 
greater importance generally. Then again, the water-supply 
of many towns is derived from the drainage of large gathering 
grounds, flowing off by a stream. In considering the sufficiency 
of the supply, the flow must be determined partly by rainfall 
observations, partly by gauging the stream so as to establish 
a relation between the rainfall and flow from the catchment 
basin. Usually gauging operations are carried on for a 
considerable period, as accurate statistics are required in the 
settlement of difficult questions such as the apportionment 
of compensation water. Lastly, in the management of irriga- 
tion works it is frequently necessary to gauge the flow in 
canals and distribution channels. 

156. Water-level gauge. — Wherever stream discharge 
measurements are carried on, water-level gauges should be 
established, on which readings of the varying water-level can 
be taken simultaneously with the velocity observations. The 
zero of the gauge should be connected by levelling with a 
permanent bench mark, and the zero should be below the 
lowest water-level to avoid minus readings. The scale of 
the gauge should be in feet and tenths. The scale may be 
fixed to a pile driven into the stream bed or fixed to a 
masonry structure. Sometimes a scale attached to a float 
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B convenient, the reading being taken against a fixed mark. 
Lutomatic gauges are used in important investigations. A 
I attached to a float gives motion through reducing-geuj 
B a pencil which records the water-level ou a drum driven 
f clockwork. 
_ 157. Mean velocity calcolated from the longitudinal 
slope. — If the longitudinal surface slope of a stream is 
determined in a part where the channel is of fairly regular 
Bection, then the dischai^e can be ascertained by the fonuuIiB 
of flow, subject, however, to the difficulty of selecting a 
coefficient suitable to the chai'acter of the stream. In most 
cases, however, the surface slope ia an extremely small quantity, 
generally leas than 1 in 5000, and the osciUations of the 
water surface render its determination difficult. The slope 
in natural streams often differs to some extent on the two 
Bides as the current sets to one bank or the other. In 
Cunningham's experiments on the Gauges Canal twelve 
measuremeuts of slope on symmetrical 2000 and 4000 feet 
lengths differed by 25 per cent, but the site was probably a 
specially difficult one. Usually the mean of the slope 
determined at the two banks la taken as the virtual eXoiie 
of the stream. 

158. Gangingr by observation of the velocity of flow. — 
In streams of moderate size the most accurate method of 
gauging is by a weir constructed for the purpose across the 
stream. But often it is impracticable to erect a weir, and 
the operation of gauging is then effected by determining the 
crow section il and the mean velocity v„ of the stream. The 
discharge is Q = Ilv„. For gauging purposes a straight and 
nnobstructed reach of the stream shoidd be selected, where the 

i section is fairly uniform in area and form. Then two 
lies of observations are required: (1) a survey of one or 
ore cross sections of the stream: (2) observations of the 
Blocity at one or more points of the cross section. 

159. Meastiremeiit of transverse sections. — The depth 
f the stream is ascertained at a series of points, equidistant 

if possible, along the line of the required cross section. For 
small streams a wire may be stretched across, with equal 
distances of about 10 feet or less marked on it by tags. If 
3 wire is first set up on land and stretched with a given 
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weight, the positioD of the tags can be fixed so that theii 
horizontal distancea are equaL The wire is then stretched 
acrcsa the sbeam with the same tension. The depth at each 
lag can be taken with a light graduated and loaded rod. Can 
should be taken that the wire is perpendicular to the thread 
of the stream. 

For large rivers the position of soundings is fixed by angu- 
lar measurement A b^e line AB (Fig. 122), parallel to the 
stream, is first laid out and 

^_ measured. Next ataTesan 

set up at CA and D along 
the line of the required 
section and at right angles 
to AB, Observers are 
placed at C and B ; a boat 
^ drops down stream, and at 

the moment it crosses the 
section at E the observer C 
signals, the sounding is 
taken in the boat, and B 
Fig. 122. with a box sextant takes 

the angle ABE. This is 
repeated till soundings at a sufficient number of points 
have been ascertained from which to plot the cross section. 
The soundings may be taken by a graduated rod if the depth 
is less than 15 or 18 feet, or by a weighted cord or lead-line 
or chain. If the velocity nf the stream is considerable, the 
weight should be disc-shaped or lenticular, so as to expose as 
little surface normal to the current aa possible. A simple 
winch and wire are convenient for lowering the weight, and 
the winch may have a counter which shows the depth. From 
the observations the section is plotted, and the area D. and 
wetted perimeter x ^re calculated. 

The area of a plotted cross section may be obtained by a 
planimeter, or by dividing the width of the stream into n equid 
spaces and measuring the n + 1 verticjtl ordinates at the divid- 
ing points. Let b be the width of a division, and kg, h^, . . . h, 
be the measured ordinates. Then by the trapezoidal rule the 
area is , 
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If the end ordinates are zero, 

Q = h{k^ + h., + ... + K-,) . . (1). 

If there are ten spaces, Simpson's rule may be used with 
somewhat greater accuracy — 

2(1,1- *. + ... + 4,)) , . . (2). 

As the level of a stream varies from time to time, a level 
gauge should be fixed before openitions are begun. The water- 
level shoidd be noted on this gauge when taking the cross 
Bectione, and afterwards when the velocity observations are 
made. 

If velocity observations are to be taken, at least two cross 
sections should be measured and the average values of j(^ and li 
computed for use in calculations. 

160. Float gauging. — The velocity in a stream may be 
directly observed by taking the time of transit of a float over 
a measured length of stream. Surface floats are used to 
determine surface velocities. They may be balls, or discs of 
wood or cork. A tuft of oily cotton-wool, which does not get 
wet, is a useful means of rendering them visible. Captain 
Cunningham at Eoorkee' used 
thin deal discs 3 inches diameter ^= 
and X inch thick. Sub-anrfoce ^^ 
floats. — To observe velocities be- 3" 
low the surface, a large relatively 
heavy float (Fig. 1 23), connected by 
a thin wire (about O'OIS inch thick) 
to a small, light surface float, has 
been used. It is assumed that the 
motion of the combination is prac- 
tically that of the sub-surface float, 
the influence of the surface float and 
connector being negligible. But if Fig. 123. 

the large float is made nearly of the 

density of water, so that t!ie siirface float may be small, the 
eddies prevent the lai^ float from keeping its depth. If the 
' SooTtet R^draiilie Erptriiaenfs, by CapUin AUnu Cannitigbaiii, K.E. 
{Thomasott College Press), 
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lower float is heavy, the upper float must be large, and then 
its influence on the motion of the combination is not negligible 
and the I velocity observed is not the true sub-surfiwje velocity. 
Fig. 124 shows the form of sub-surface float used by Captain 
Cunningham at Roorkee. It consists of a hollow metal ball 
connected to a disc of cork. The influence of the connecting 
wire on the motion increases as the depth of the sub-surface 





Fig. 124. 



Fig. 125. 



\ 



float increases, and the observations become less trustworthy the 
greater the depth. Twin floats. — Fig. 125 shows two equal 
balls connected by a wire, the lower being loaded so that the 
combination just floats. The motion of the twin float must 
be nearly the mean of the surface velocity and the velocity at 
the depth at which the lower float swims. Thus if v^ is the 
surfiice velocity, and v^ the velocity at the depth d, the velocity 

of the twin float is v = -z{y^-\'V^, If r, is ascertained by 

It 

means of a surface float, 



Vd = 2t' - V, 



(3). 



Captain Cunningham found the twin float more satisfactory 
than the sub-surface float, but the influence of the connector 
increases with the depth, and also the uncertainty as to whether 
the lower float keeps its depth or is tossed about by eddies 
in the water. 

161. Bod floats. — Fig. 126 shows another form of float 
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used ill some early researcheB. Its use has been revived by 
Captain Cunningham in India. In its simplest form it con- 
aista of a wooden rod with a cap at the lower end in which 
shot can be placed, so that the rod floats nearly upright, and 
with little projection above the 
water -surface. Wood rods may 
he made in lengths which can be 
screwed together. Cunning ham 
used sets consisting of lengths 01, 
0-2, 0-3 .. . up to 1 foot, and 1, 
2, 3 ... up to 12 feet; but tube 
rods of liuplate about 1 inch in 
diameter made of graduated lengths, 
adjusted to float at deiiDite depths 
in still water and marked, were 
found more convenient. He foimd 
that the velocity of a rod, the 
immersed length of which was 
nearly equal to the depth of the 
stream, is a close approximation 
to the mean velocity oq the verti- 
cal corresponding to its path, and 
be considered it the most accurate means of float gauging in 
suitable conditions. At any rate the gaugings showed that 
though the rod necessarily was shorter than the full depth of 
the stream, its velocity wua very approximately the mean 
velocity at the vertical corresponding to its path. The rod 
float is certainly free from the chief objections to the «uh- 
Biirface or twin Hoat. 

1C2. Float paths and time of transit — Id the part of 
the stream selected for gauging two cross sections are fixed at 
a measured distance apart, and the time of transit of the float* 
between these sections is observed. The floats are thrown in 
above the upper section at various poiuu in the width of th« 
stream. In careful gauging the exact float paths ijiould !« 
obser^-ed. The two end sections may be marked by cjrdu 
retched across the stream, and if these have o^ilourt^l tii({3i at 
pqual distances it is possible to note approxinialMJy l.(wi 
'totance from tlie bank at which each float croMoa «Mtib • 



Fig. 1 



' t ia the distance between the cidm sectiocw, i 
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time of transit, thea v = Ijt is the velocity of the stream at the 
poaitioB of the Soat path normal to the cross aections. 

In large streams the float paths must be observed by box 

sextants or theodolites. A base line AB (Fig. 127) Ib set oat 

parallel to the thread of the stream. 

& Itanging rods are set up at A^, Bj, 

on lines at right angles to the base, 

usually on the lines of surveyed 

transverse sections. Observers are 

stationed at A and B with sextants. 

Floats are dropped into the stream 

from a boat upstream of AA,. 

As the float crosses AA^ at C, tbe 

observer at A signals, and B takes 

B, the angle ABC. When the float 

~~^ crosses BB, at B, B signals and A 

takes the angle BAD. An observer 

Fig, 127. also notes with a chronograph the 

time between the sigools. All tbe 

data are so obtained for calculating the velocity and plotting 

the float path CD. 

Tlie best length of the float path depends on the velocity 
and regularity of the stream ; lengths of 50 to 250 feet have 
been used. The longer the base tlie less the error of the 
time observiitiou. But, on the other haud, the longer the base 
the more tbe floats stray about into regions of differing velocity. 
In tlie Ganges Canal researches Captain Cunningham found a 
run of 50 feet best for the central parts of the stream, but 
near the banks this had to be shortened to 12^ feet. "With 
any longer run the floats strayed to the banks. 

163. Tbe screw current meter. — This was termed by 
early hydraulicians the Woltmann Mill In improved form 
it is tbe most generally useful, and, if properly calibrated, the 
most accurate apparatus for measuring velocity in strejima. 
A screw propeller, like that in Fig. 128, delicately supported, 
drives a counter by a worm. Tbe counter can be put in or 
out of gear by a cord. The meter is fixed on a rod or length 
of gas-pipe, and held in the water in the desired position. 
A rudder keeps the propeller facing the stream. The counter 
is put in gear for one minute or more, and from the difference 
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of the counter readrngs divided hj the duration of run the 
velocity is calculated. lu its ordinary form the meter must 

be lifted from the water to read the counter, and cannot be 
conveniently used at greater depths than ahout eeven feet 

Harlacber screw cairent meter. — This ia a current meter 
with an electrically actuated indicator showing the revolutiona. 
The meter is on a sleeve which elides on a substantial hollow 
cast-iron rod, and can he moved up and down the rod by a 
cord passing duwn inside it. The rod is long enough to be 
tirmly fixed in the bottom of the river. The cord is wound 




fon a barrel fixed to the rod. and this hag an indicator showing 

the depth of the meter from the surface. The whole apparatus 

is fixed on a raft which can he moved across the stream, and 

_ anchored at each vertical at which the velocities are to be 

kkeo. A current from a small primary battery passes down 

I insulated wire and huL-k by the rod, A contact-piece on 

1 abaft of the screw closes the circuit every revolution. 

s current drives a kind of electrical clock with two dials, 

oie showing revolutions and the other himdreds of revolutiona. 

"he apparatus being fixed at a vertical in the cross section of 

e stream, the meter is dropped by the cord to points equi- 

istant ou the vertical, and at each the revolutions in ons 
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minute or more are observed. The meter is then moved to 
the next vertical, and similar observations made. The mean 
velocity on each verticfid is calculated from the observations. 
Otherwise, the mean velocity on a vertical may be found 
directly by moving the meter slowly and regularly down the 
verticaJ, and noting the revolutions and time of transit It 
will be seen that all the observations at each vertical can be 
made rapidly without removing the apparatus from the water. 
Harlacher used this meter on the Danube in water 26 feet 
deep running at 10 feet per second (Proe. Inst, Civil 
Engineers, Ixvii., 1881). 

Oorrent meter of J. Amsler Laifon (Fig. 128). — This can 
be used on a rod like the primitive meter, and then its chief 
peculiarity is an improved method of putting the counter in 
or out of gear. There is a double ratchet, and alternate pulls 
on a cord throw the counter into gear and out of gear. 

But there is a wholly different way in which this meter 
can be used, the meter M being hung in gimbals, permitting 
freedom of motion in all directions, and suspended in the 
water by a wire (Fig. 129). A conical rudder keeps the 
meter facing the current. The suspending wire is coiled on 
a small winch A, and this has an index which can be set to 
show the precise depth at which the meter is suspended. 
Below the meter, to keep the suspension wire vertical, is a 
lenticular weight W, of 85 lbs., presenting little resistance to 
the water, so that the wire is practically vertical For 
indiciiting the revolutions of the meter there is an electric 
circuit formed by an insulated wire from a battery B, and 
return through the suspension wire. This circuit is closed, 
by a contact on one of the counting wheels shown in Fig. 128, 
at every hundred revolutions of the screw, and a bell is rung. 
It is only necessary, therefore, to note the time by a stop-watch 
for 100, 200, or 500 revolutions. A subsidiary arrangement 
is that, when the foot of the lenticular weight touches ground, 
a contact is made and the circuit closed, so that the bell rings 
continuously. The meter is then one foot above the ground. 
This gives warning, and has the further advantage that the 
apparatus can be used as a satisfactory sounding instrument 
in any depth of water. 

The suspended meter is generally used thus: — The boat 
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is ancJiored at b vertical, its position being fiied by ao} 
ueasoremeiit. The meter is then lowered till its axis is at 
the water surface nod the depth index oa the nincb is set to 
The meter is then lowered till the foot toacbes l>oCb 




tf ftj is the reading, the whole dcpcfc ai tw. ^..^ 
P=.A,+ 1. Then Telodlia •» ofc«,Trf, t«t TTT, ' 
Klodtyat A,; ., at A. = *,-rf; ., M i.-A,-^.* ' 
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+ Ant^n + |(h - A,)f;i} . . (4), 



Or the vertical velocity curve may be plotted, and its mean 
ordinate found. The meter can be used with great fiadlity 
in rivers even in flood. 



Example of Curbent Mstkb Observations on a Vsbtical 



Vertical Na 3. 

Depth at vertical, 2*6 feet 

Distance from zero of transverse section, 32 feet 

Water-level on gauge, 1*65 feet 



2 h. 50 m. p.m. 



Depth. 


No. of 
BerolatioiiB. 


Time. 


RevolntionB 
per Second. 


Meui 
Rerolntions 
per Second. 


Velocity. 

Ftat 

per Second. 


0*8 

0*3 

0*63 

0-63 

0-96 

0*96 

0-96 

0-96 

1-29 

1-29 

1-29 

1-62 

1-62 

1-95 

1-95 

2-60 


296 
240 
237 
238 
217 
240 
198 
218 
234 
211 
256 
192 
179 
168 
165 
Bed of 


76 
60 
60 
60 
60 
60 
60 
60 
65 
65 
75 
60 
60 
60 
61 
stream. 


3-946 
4-000 
3*950 
8-966 
8-616 
4-000 
3-300 
3-633 
3-600 
3-246 
3-413 
3-200 
2-976 
2-800 
2-705 


\ 8*978 

} 8*958 

> 

- 8*637 

■ 

3*419 

\ 3-088 
} 2-753 


8*325 
3*309 

3*050 

2-870 

2-600 
2-325 



Here the mean velocity on the vertical by eq. (4) is 
r«=^| -33^1-162 + 2-6 + 2-87 + 3-05 + 3-309 + 1-662^ 

+ fo'3 X 3-325) +i(*65 X 2325) \ =2-631 feet per second. 

In connection with this it may be mentioned that in 
gauging the Severn at Worcester, in 1880, a Deacon electric 
current meter was used, fixed in a frame suspended from a 
No. 12 steel wire stretched across the river. The river was 
180 feet wide and about 25 feet deep. Velocity measurements 
were made at every foot of depth on verticals 10 or 20 feet 
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apart in the cross section. The frame carrying the meter 
was suspended from a small carriage on two 3-inch pulleys, 
and traversed by an endless wire passing over pulleys on the 
end supports of the carrying wire. Other wires from the 
frame, carried over a pulley on the cHrriage, served for raising 
and lowering the frame. Lastly, a wire with a cast-iron 
anchor-plate of 70 lbs. passed through the frame and over 
the carriage, and served to keep the frame vertically in position 
during the observationa Insulated wires from the meter, 
through wliich a current passed when contact was made at 
the meter, indicated on shore the revolutions of the meter 
(Turner, Proc Inst. Civil EnQineer$, Ixxx., 1884). In some 
cases the meter has been used by observers on a travelling 
platform suspended from a wire rope stretched across the 
stream. In a gauging of the Rhine by Baum {Proc. Inst. 
Civil Engineers, IxxL 456) the current meter was used on a 
platform between two coupled boats, sliding on a T-iron 
i- X 21". 

164. Calibrating the screw current meter. — The 
accuracy of velocity observations by current meter depends 
entirely on the care and skill used in determining the constants 
of the instrument. If the screw propeller were of uniform 
pitch y, and if it were frictionless. then it would make one 
revolution for p feet of water passing it. The relation of 
velocity v and revolutions per second n would be v=pn. In 
any actual instrument these conditions are not satisfied. At 
some velocity v^ (about 4 inches per second or less) the meter 
ceases to revolve, being held by friction. Also the pitch 
cannot be accurately measured. Hence the relation of v and 
n must be determined by experiment. It is generally assumed 
that the form of the relation is linear, so that 

...» + ;j .... (6), 

vhere a and ^ are constants, and y3 is the velocity at which 
rotation ceases. Exner has shown that the following equation, 
on theoretical grounds, is more exact and better agrees with 
experiment : 

r= v/(aV + /5') . . . (6). 

But when the lowest velocity is not less than 1 foot per 
second, eq. (5) is practically accurate and more convenient. 
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Suppose a current meter towed over a length I feet in 

still water, and that it makes N revolutions, the time of 

transit being t seoonda The speed of towing or velocity of 

the water relatively to the meter is l/t^v feet per second, 

and the speed of the meter is N/^ = n revolutions per second. 

Let a number of observations be taken in this way at difierent 

speeds, and let n^, n,, n, . .• . be the meter speeds oonespond- 

ing to the velocities Vi, Vf, v^ . . . Let m be the number of 

observations. Then, assuming the relation v=:an + fi, the 

values of a and fi may be found by the method of least 

squares. 

_ rn2(nv) - 2(ii)2:(r) 

m2(ii^) - [2(ii)r 



a = 



2(t>)2(n«) - 2(n)2(nt>) 



m2(n«) - [2(ii)y 



(7). 



Ezamide. — ^For instance, the following table contains the results of 
a series of tests on a meter and the summation of the quantities required 
in determining the constants. The length of run was 336 feet 



No. of 
Run. 


Time of 
Tnuuit, 

t 
S«ooiidM. 


Velocity, 
Feet per 
Second, 

V. 


No. of 

Revolationi 

per Second, 

n. 


nt. 


•V. 


1 
2 
.3 
4 
5 
6 
7 


115 
116 
113 
130 
113 
121 
125 


2-921 
2-896 
2-973 
2-584 
2-973 
2-776 
2-687 


2043 
2-000 
2-063 
1-776 
2-088 
1-892 
1-824 


4-174 
4-000 
4-215 
3-154 
4-360 
3-580 
8-327 


5-969 
5-792 
6-103 
4-690 
6-209 
5-263 
4*903 


Sums 


19-810 


13-676 


26-810 


88-819 



a = 



[2(n)p=187-03 
m = 7 
7 X 38-819 - 13-676 x 19-810 0-81 



7x26-810-187-03 



0-64 



= 1-266 



^ 19-810x26-810 -13-676x38-819 0*22 ^ „,, 
P = p, ^^.f TT;; — v^^:7r^ = x—z-: = *344. 



7x26-810-187-03 



0-64 



Recalculating the velocities from the revolutions, using these values of 
the constants, and comparing the results with the observed velocities, the 
following table is obtained : — 

Velocity observed 2921 2-896 2-978 2-684 2978 2*776 2687 
calculated 2*931 2-876 2*948 2*592 2*987 2*739 2*658 
+ •01 --02 --08 +*008 +-014 --087 --084 
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A different formula of reduction is used by some American 
If in the equation v = an + observed values of 
V and n are inserted, then for m observations a series of m 
equations can be formed — 



;:;i 



where *„ ej are small errors of individual observations. Since 
ff enters in the same way into all the equations, its most 
probable value is the arithmetical mean. Let n„ = (Sn)/m be 
ihe mean value of n, and v„ = (Xv)lm the mean value of v. 
'" ., as the errors cancel, 

an™ + j8 - r„ = 0, 

^ = r„-on„ . . . (9). 

Inserting this value in eq. (8), 

«K-««)-(«',-0 = «.. 



To weight these equations multiply each by the coefficient 
a. Then 












Adding these equations, 



(10), 



Bid )3 can then be found from eq. (9). 

Example. — Taking the data in the table above, the following are the 
giuntitica required to deterinioB a nnii fi : — 

f.,= i3-67a/7=rB6i.i',.=ie'8io/7=2*8ao. 



ars 
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OHA». 




L 


-. 


^ 


- .* 


..^ 


(■-— H 


{--.i-X'-i^ 












•091 


■00792 


■00810 




11« 


2 000 


2-8M 


■016 


■066 


-00211 


D('304 




iia 


2 -058 


2-B78 


■0S9 


-143 


-O0S80 


-01418 




IHO 


1-776 


2-684 


-178 


-■246 


■03168 


-04379 




ii.t 


2 -OSS 


2-973 


-134 


■I4S 


■01796 


■01918 




IV1 


I'Saa 


2776 


-■062 


-■OM 


-00384 


■0033S 




l:i5 


1-524 


2-687 


-130 


-•148 


■01890 


■018I>9 


Sanu 




13-076 


19-810 




-09031 


-iioia 



^=t;SN-(l-SSlSxl-9S4)-0-441. 
H^nT*^ ^T"l^*'''g V from Uts molatunu — 

a^ni s-soo a-m 3-S84 i-vn 



When the constants of a meter aie determined, a diagram 
(Fig. 130) may be drawn from which the velocity correepondiug 
to any Bomber of revolutions per eecond can be read off. 




REVOLUTIONS 
Fig. 130. 



The relation is linear, and the line ab starts from an 
ordinate fi on the axis of velocities, and has a slope ie/eus = a. 

The calibration of a meter by fixing it on a boat towed 
over a measured base-line at different speeds is an oponttion 
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Iquinng a good deal of care. It should be repeated manj 
nies to eliminate errors, A better plan is to fix the meter 
. truck running on raila alongside a quay wall Slow 
velocitiea are best obtained by towing the meter by a winch. 
Sometimea one current meter can be calibrated by comparing 
it with another previonaly calibrated- It is not very eatis- 
factory to obtain the conatanta by placing the meter in a 
stream the velocity of which hag been determined by floats, 
but perhaps good results would be obtained if the speed of a 
stream was determined by a Pitot tube and the current meter 
used in the same stream at the same place. A check on the 
^calibration of a current meter has sometimea been obtained 
^^K using it to measure the volume of flow in a channel the 

^^■Kharge of which web also measmred by a weir. In a few 
^Vwes the constants of meters have been ascertained by towing 
them in the Admiralty tank at Torc[uay, in which ship models 
are tested. The means of registering time and speed are so 
perfect in this case that the results are very trustworthy (see 
Gordon, Ptoc. Inst. Mech. Engineers, 1884). 

165. Pitot tube and Dorcy gauge. — A very early 
inatrument invented by Pitot in 1730, employed in a modified 
form by Darcy and Bazin in their classical researches, has 
again come into use in determining the velocity of currents of 
ITftter and air. Suppose a bent tube, such aa that shown in 
.131, immersed in a stream of water. When the mouth 
I the tube points upstream as at A, the impact of the fluid 
>duce9 a pressure which raises the water in the tube to a 
ight h above the surface outside. If, as at B, the mouth is 
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parallel to the stream, theie is do impact, and the water iiudde 
and oatside are at the same level. If, as at C, the mouth 
points downstream there is a certain amount of suction, and 
the level in the tube is depressed bj 
some distance A^ Pitot osed two 
tabes arranged as at A and B, and 
found that the difference of level was 
very nearly v'/S;. Hence the spedal 
advantage of this instrument is that, 
if properly constructed, it is almost 
independent of the need of calibra- 
tion. 

An objection to the original Fitot 
gauge was the difficulty of reading the 
height A when the gauge was in the 
water. This is overcome in the modified 
Barcy gauge shown in Fig. 132. The 
gauge ie shown clamped at B on a rod 
AA resting on the stream bed. The 
tubes corresponding to A and B in 
Fig. 131 are at d, being made very 
small to avoid disturbing the flow. The 
mouth of the statical tube opens down- 
wards. The tubes d communicate with 
the glass tubes b, b, which can be sbut 
off by a two-way cock c actuated by 
cords. In order to bring the water 
columns in b, b into a convenient posi- 
tion for reading, a partial vacuum is 
made above tbem by sucking out a 
little air by the tube m and then 
closing a cock at a. The difference 
of height of the columns is not altered 
by raising them. The colunms having 
come to rest, the cock c is closed, and 
the readings taken by verniers. For 
a velocity of one foot per second 
A = 0'1S6 inch, which is rather small, but h increases as 
the square of the velocity, so that at 4 feet per second A = 3 
inches nearly. 




Fig. 132. 
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If * is the velocity of the Htream and h the difference of 
level of the columus, 

v = kj{1gh) . . . (U), 

where ^ is a constant depending on the form of the mouths of 
the instrument and the way they are placed. But if the tubes 
and orifices are small so as not to create eddies, k differs hardly 
at all from unity. Darcy calibrated his gauge with great care 
in three ways. Towing the gauge in still water he found 
k= 1'034 ; observing velocities simultaneously in a stream by 
floats and by the gauge he found k = 1-006 ; and by taking 
a number of readings in the cross section of a chaanel the 
flow in which waa known, he found A- = 0'993. He concluded 




Fig. 133. 



He. 134. 



IAtat the true value of k did not sensibly differ from unity, 
ffliite [Journ. Am. Assoc, of Eng. Soc, 1901), and WilliamB, 
Enbbell, and Fenkell {2'rant, Am. iSoc. of Civil Emjineers, 
1902), found that if the tubes were well formed the 
coeDicient was unity, Threlfall (Proc. Inst. Mech. Engineers), 
using Pitot tubes in a current of air, found A = 0-974 ; and 
Stanton, in extremely accurate experiments on the flow of 
air, found k= 1-03 (Proc. Inst. Civil Engineers, 1903). 

The chief cause of variation of the coefficient seems to be 
the action on the mouth of the statical pressure tube. If this 
is at all large, the stream lines are bent concave to the mouth 
(Fig, 133), and there is a slight sucking action which increases 

1^ This may be obviated by a plane disc 6tled to the tube, 
pit in Fig. 134. A good arrangement is to form the two lul^ee 



-M'y 



HTDEAOJCS 



(tiKU!iin2rtt^ M lit Tiz^ 135. *ad tio ftmat 
rjo, thb erlodzkal p^n o< tike 
la t&e eaoe^ «f air of dsi»CTG Or. 




^ 



.ZZ.ZZWC=ZZZ9 




F1«:1JS. 



i" ' l_i.« Mil 



to P IbsL per aqwe foot is P^G. Or if Ae 
easored in inehes of wmter k^ the hpii is 
5-2^^ G in fieei of aic Then 

r = i ^(2fP G) = i ^(10-4f*^'GX 



K the air is at cxdinaiy piesBoie and 
1: sanity. 



(IfL 



166. Ratio of different velocities in a stream. Sorftee 
and mean velocities. — In reducing gauging obserratkms ij 
Ls rjece3«arv to know the relation of the relocities at dif^:^ 
jiarts of a stream. Thus a rough gauging may be made bj 
obs^r\ing the greatest surface velocity only, if the relation ot 
the mean to the greatest surface velocity is known- 
Let V be the mean velocity of the whole cross section, and 
Vti the greatest surface velocity, which may be found by using 
a surface float or current meter. If H is the area of cross 
section the discharge is Q = HV. Darcy and Bazin deduced 
from their researches on small regular channels that 



Y = Vq- 25*4 s!mi 



. (13), 



But V = c »Jmi, where c is a constant for a given type of 
channel (§ 137). Hence 

c 



V = 



c + 25-4 



(13a). 
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The following table gives values of V/vq for the values of 
c in § 138 :— 



Hydraulic 

Mean Depth 

m 

in Feet 


Valuea of V/vq for Darcy's Classes of Channels. 


I. 


II. 


III. 


IV. 


V. 


0-6 


•84 


•81 


•74 


•59 


•51 


10 


•86 


•83 


•78 


•66 


•68 


2-0 


•86 


•83 


•80 


•71 


•66 


6-0 


•85 


•84 


•81 


•76 


•71 


10-0 


•86 


•84 


•82 


•79 


•74 


200 


•86 


•84 


•82 


•80 


•76 


60-0 


•86 


•84 


•82 


•81 


•78 


00 


•86 


•84 


•82 


•81 


•78 



The ratio decreases as the size of channel decreases, and 
still more considerably as the roughness of the bed increases. 
Jn small wooden channels, probably fairly smooth, Prony found 
V/vq = 0*82. In the smooth brick conduit at Sudbury, with 
a depth of 3 feet, the mean velocity was 0*85 of the maximum 
velocity observed, and about 0*9 of the central surface velocity. 
In the Vymwy stream gauged by Mr. Deacon, the bed width 
was 33 feet, with side slopes 2 to 1, the bed and sides being 
pitched with stone and the gauging section lined with concrete. 
Here in extreme cases the ratio varied from 0*78 to 0*94, the 
mean of all observations being 0*834. 

In rivers with greater roughness and less well-proportioned 
sections the ratio falls to much lower values. 
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caip. 



Ratio or Mkan to Gbkatkst Subfacb Yxlooitt 





Surface 
Width. 


Hydraulic 


V 






Mean 
Depth. 


•J' 


Authori^. 


We«er . 


276 


7-6 


•69 


Wagnec 


Kihe . 






361 


4-6 


•78 


99 


Rhine . 






706 


8-9 


•72 


Wagner and Orebenau. 


Elbe 






397 


6-6 


•77 


Harlaeher. 


w 






394 


6-3 


•76 


n 


99 






344 


3-9 


•69 


99 


Rhine . 






718 


5*9 


•70 


Grebenau. 


99 






728 


8-1 


•70 


99 


99 






741 


9*2 


•74 


99 


99 






778 


13-0 


•72 


99 


99 






902 


19-3 


•74 


99 


Eger at Falkenau . 




0*62 


•67 


Plenkner. 


99 9» 




109 


•68 


99 


Sazawa at Poric 




109 


•59 


99 


99 99 




0-90 


•71 


99 


»9 99 




0-38 


•73 


99 


Moldau at Budweis 




112 


•73 


99. 


99 99 




0-91 


•71 


99 


99 99 




1-68 


•72 


n 



Wagner deduces for rivers the relation 

V = 0-705vo + 0-003V . 



. (HX 



which agrees with some other cases, and is useful in rough 
gauging. 

The central surface velocity is somewhat variable, being 
affected by wind and other accidents. The mean surface 
velocity, which can be obtained by a series of surface float 
observations, has probably a more constant relation to the 
mean velocity of the cross section. In the gaugings of the 
Eger and Moldau the ratio (mean velocity) / (mean surface 
velocity) was 0*90. Wagner found the value 0*88. 

The ratio of the mean velocity for the cross section to the 
mean velocity on the central vertical was 0'95 to 0*98 in 
Cimningham's float gaugings on the Granges Canal, 0*93 
in Deacon's gaugings of the Vymwy stream, and 0*67 on 
the Eger. 

It seems probable that the ratio of the mean velocity for 
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tbe cross section to the velocity at the centre of 6gure of the 
cross section is a fairly constant ratio. The latter could be 
easil; determined by a cnwent meter. In the Vyrnwy stream 
this ratio was 0888. 

If D, ia the velocity at the centre of figure and V the mean 
velocity for the cross section, Wagner found in rivers 

V = 0-727p, + 019p.'' . . . {15). 

This ratio does not differ much from the ratio of the maan 
velocity of cross section to central mid-depth velocity, which 
was 0-876 at the Vyrnwy stream. 

167. Velocities on one vertical — The following table 
contains averages from the large mass of fioat gaugiugs made 
by Captain Cunningham on the Ganges Canal.' The aqueducts 
were 85 feet wide with 10 feet depth and less. The main 
embankment site was 170 feet wide with 11 feet depth and 
less. Tlie averages are fairly consistent. The individual 
Viiry a good deal 





Cmtral 
3arfu« 


HixUnmn 
Velooily, 


Velodtr, 


3- 


.■I- 


Solani left oqnedact . 
Soluii right aqueduct . 


387 

4-oe 

3&6 


4-01 
4-18 


8-SB 

870 
3-08 


0'9& 
0-97 
0-98 


0-84 
0-88 
0-84 



Tbe following averages are from the s 
oboervattons : — 



) large mass of 



1 


Mcaa 

Vciouitf Htir- 

■t 1 de])th 
Central Velocity 


Rod 

Float 
Velocity 


^. 


h 




Louii left aqueduct . 
■dani right aqueduct . 


3-80 
402 
344 


3-69 
407 

3-48 


3 60 
3-8S 
3-31 


I'OIO 
1012 

roil 


0'97fi 
0958 
0963 


1-039 
1-067 
1-051 



' Soorktt Hylraul'C ErperimetUi, Cunninghun 
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The half-depth velocity was 1 per cent greater than th« 
mean velocity at a vertical. The rod float velocity was abouti 
4 per cent leas than the mean. The mean velocity was com- 
puted from double float observations. 

Wagner foimd the mean velocity at a vertical to be 0'8 d 
the surface velocity at the vertical when the surface velocity 
was not greater than 2 feet per second. The ratio was 0'85 
for velocities from 2 to 4 feet per second, and 0"9 for velocities 
&om 4 to 10 feet per second. 

The depth at which the maximum velocity is found at 




Fig. 136. 

the central vertical is from to OS of the whole depth. Oa 
other verticals it varies a good deal according to the form at 
the channel section. The position on a vertical at which the 
velocity is equal to the mean velocity is fairly constant, and 
equal to 0'58 to O'S of the whole depth. The mid-depth 
velocity is very slightly greater than the mean velocity. 

168. Surface or rod float gaagiag. — ^Fig. 136 shows 
a gauging of the Thames by surface floats. Two section!^ 
I. and II., were surveyed at the ends of a 200-foot base-line. 
These sections are divided iuto ten compartments of equal: 
width. Between the sections the float paths are plotted, 
base-line AB is taken midway between the sections, and at 



GAUGING OF STREAMS 



287 



the points where the float paths cross the line AB the 
observed velocities are set up aa ordinatea. Througli the 
points BO found the surface velocity curve is drawn. The 
curve of mean velocities on verticals can be found from this 
by taking ordinates 0'85 to 0"95 of Uiose of the surface 
velocity curve, according to the character of the stream. Let 
fli, il; . - . be the mean areas of the ten pairs of compartments 
in the two end sectiona in square feet, and r„ d, . . . the mean 
ordinate of the curve of meau velocities corresponding to each 
compartment in feet per second. Then the discharge of the 
stream is 



q = a,v 



fC.p, 



+ JljoPip cubic feet per aecoud . (16). 



The mean velocities might have been observed directly 
by using rod floats or sub-surface mid-depth floats. Id that 
case the uncertainty due to the selection of the ratio of surface 
to mean velocity is obviated. The following table gives the 
results of the gauging shown in Fig. 136. The mean velocities 
on the verticals are taken at 0*93 of the surface velocitiea 



RiVEB Oauoino, Octobkr 1877 





of Section, 
SqamFeet 


Mean Saiface 

Velocity, 

Feet 


Mmh Velocity, 

Feet 

perBecond. 


Discharge, 
Cubic Ftet 
perSecoud. 


I. . 


59-2 


-409 


-380 


22-6 


IL . 


e3'6 


-659 


-613 


57 





Ill, . 


nra 


■905 


■842 


93 


3 


IV. . 


ISS'l 


1-206 


1-120 


143 


6 


V. . 


1382 


1-710 


1-690 


219 


7 


Tl . 


153-3 


1-798 


1-670 


2fi6 


1 


Til. . 


157-3 


1-831 


1-620 


239 


1 


nil . 


144-1 


1-421 


1-339 


190 


« 


IX. . 


116-4 


1-115 


1-037 


121 





X. . 


44-2 


■579 


-53B 


25'7 


Total . 


. 1368-7 



I- 

^H 169. Diacharge curve. — A very convenient method of 
^■educing the discharge from a curve of mean velocities on 
^EjierticalB is to construct a curve with the stream width as base, 
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and ordinates proportional at each point to the discharge at 
that point. 

Let oeB (Fig. 137) be the stream section, A/B the curve 
of mean velocities on verticals. Take dh^€f^v\ ae = k = 
any convenient unit. Join ee, and draw bd parallel to it 
Then d ia sl point on the discharge curve. 




Pig. 187. 



If T> = CLe is the depth, and v — af—ah is the mean 
velocity at a, the discharge for any small portion dx of the 
width of the stream at a is J^vdx, and the whole discharge of 
the stream is 

Q = [Dtwte. 

But ad=^(aex ab)l{ac), that is od = (Dv)lL Let y = ad, 
then 

Q = kjydx. . (17); 

that is, the whole discharge is proportional to the area of the 
curve AdB, 

If the area of the curve is measured in square inches, and 
the scales are m feet per second, and n feet to one inch, and k 
is set off in inches, then the area of the curve must be 
multiplied by mn^k to give cubic feet per second. 

170. Calcalation of discharge from the vertieal velocity 
curves. — If the vertical velocity curves have been drawn from 
current meter observations at different depths, the discharge 





•f dtt tvBad netiow b^ be td 



:*-,o*«-}^^-A*->.) (W 



If tlie Tectjeal nlodty cure is plottad so thtX m IM pat 
A » fott td d^tfastiu ia^ tbw 
9 inch of sn* r e fB BMn t B aw a^oan bet of mt«r 
the votinl per aetmtd. The urns of Um cvtnb 
mewnred in aqoare Jo cfae a sboold be mnltiidied bj HMt ud 
the widths taken in feet in the eqaattoo, to get the mult is 
cable fert per second. 

. Calcnlatiaii of dischu^ from coDtoon of aqnU 
city. — If contoore of equal velticitT han* Kvn it]oll«d, 
. Fig. 116, § 147, 8 method due to Cuhiuiuu may bo 
Let i\, be the area of cross section of the strauu, ftnd 
, tl^ . . . the areas included in the sucoeesive oontoun; 
a ^ould be reckoned in square feet, so that if the nabt ia 
I feet to &n iuch the areas measured lu sqoaiQ iochoa must 
i multiplied by m'. Let tf be the intervals of velocitj fbr 
1 the contours are plotted iu fei^t per eeooiid. Thua the 
uharge of any one layer of thickness * 
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The top layer of small volume will usually have a thickness S 
less than d, and its volume may be reckoned with accuracy 
enough as f A^S. Hence the whole discharge is 






=i{20.?^}.|fl.a 



(19). 



172. (Gauging streams by chemical means. — Mr. G. K 

Stromeyer has experimented with a chemical gauging method 
{Proe. Inst Civil Engineers, dx. 349). A feirly concentrated 
solution of a chemical for which a sensitive reagent is known 
is discharged at a uniform rate into the stream to be gauged. 
Analyses are made of the water before the chemical is added, 
and after it has become well mixed with the stream. Let x 
be the percentage of chemical in the solution, y the percentage 
found in the water, a the volume of solution added per second, 
and Q the discharge of the stream. 



z 

y 



Q 

a 



Chloride of calcium, of magnesium, or of sodium and other 
chemicals may be used. 
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IMPACT AND REACTION OF FLUIDS 



173. WnGN a stream of fluid impiuges on a solid surface, it 
exerts a pressure on the surface whieh is equal aud opposite 
I ibe force exerted by the surface on the fluid in chaoging 
B uomentum. 

If a Suid glides over a. solid also moving, the motion of 

e former can be resolved into two coniponento — one a motion 

liich the fluid and solid have in common, the other a motion 

I the fluid relatively to the solid. The motion which the 

fud has in common with tlie solid cannot be affected by their 

titact. The relative component can be altered in direction, 

not in magnitude, for the relative motion must be 

rential to the surface, while the prcBsure between the 

bd and solid (friction being neglected) must be normal to 

9 surface. The pressure can deviate the fluid, but cannot 

■ the magnitude of the relative motion. The absolute 

>city of the fluid, after contact with the surface, is found 

mbining the deviated but otherwise unchanged relative 

u, tangential to the solid at the point where the fluid 

mves it, with the common velocity of fluid and solid. 

The principle of the conservation of momentum has 
ready been explained in § 35. The impulse of the mass 
of fluid impinging in a given time is equal to the change of 
momentum, the impulse and change of momentum being 

Itiiiiated in the same direction. If Q cubic feet or GQfg 
lits of mass impinge in one second with a velocity v, in a 
Ven direction, and Vj is the velocity in the same direction 
ter impact, then the pressure exerted, also in the same 
MctioD, is 
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174. Jet deviated wholly in one direction. — Let a jet 

of water (Fig. 139) impinge on a curred trough-shaped vane 




5*4 



Fig. 189. 

ae, so that it is deviated in the plane of the figure. Let ah 
represent in magnitude and direction the velocity v of the jet, 
and ac = u that of the vane. Completing the parallelogram, 
ah = v may be resolved into two components — a velocity in 
common with the yane ac = u, and a velocity relative to the 
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ad = v^ In order that there may be no shock or 
dUturbance of the water nt a, the tangent to the lip of the 
Tane must be parallel to ad. The water glides up the vane 
iith the velocity v„ and leaves it tangentially with thiB 
lative velocity unchanged. Take c/' tangential to the vane 
equal to «„ and eg equal and parallel to the common 
Blocity ac = u. Completing the parallelogram, eh is the 
jolute velocity and direction of motion of the water leaving 
) vane. Take ak equal and parallel to eh, and join kb, kc. 
pen the initial velocity and direction of motion ab are 
. during impact to aJc, and kb = w is the change of 
lotion. If Q cubic feet of water impinge per second the 
ssure on the vane is in the direction kb and equal to 



[nee ak is equal and parallel to eh and a« to ^, kc ia equal 
1 parallel to kg, and therefore to ^. Hence ck, cb are each 
bual to r, and parallel to the initial and final directions of 
lative motion. It is unnecessary to consider the common 
Hocity in treating the problem. The change of motion kb 
I represented in magnitude and direction by the third aide of 
1 isosceles triangle ckb, the other sides of which are equal to 
; I'elative velocity and parallel to the initial aud final direc- 
tions of relative motion. 

175. A jet of water impinges axially on a solid of 
revolution, which ia moving in the same direction. 

The sectioD of the jet (Fig. 140) is supposed much smaller 
than the solid. The water ia deviated symmetrically in all 
_dir6ction3 and flows away at an angle 6 with the axis, each 
meutary stream being deviated through the same angle. 
1 the symmetry of the conditions the resultant pressure 
le solid will bo axial. Let v be the velocity of the water, 
I that of the solid. Since the common velocity ia the same 
ftore and after impact, it may be disregarded. Parallel to 
B axis the relative velocity ia u — m before impact, and after 
lact its component ia the same direction is (y — ujcosff, 
t is the section of the jet, the quantity of water impinging 
■ second is o>(d — u), and its mass is Go)(r — w)/^. The 
itltant pressure on the surface, which is equal to the 
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change of momentom per second, estimated in the sat 
direction, is 



P = ^-(i-- «){(«-«)-(.--«) cos 0} 
O 



~t^v-Mf(l-ecme)l\». 




Fig. no. 
The work done by the water in driving the solid is 

Pu = - «u(d - w)^(l - coa e) £t.-lbs. per second. , (3} 
If the solid is at rest, u = o, and then 

P = -<^(1-C08fl), 

and no work is done. The work done will alao be zero 
u » V. Hence there must be an intermediate ratio of it tc 
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: which the work is a maximum. The total energy issuiQg 
M)in a fixed nozzle would be 

nd the efficiency of the arrangement, considered as a c 
bf utilising the energy of the jet, is 



Differentiating and equating to zero. 



if u = v/3. Inserting thia value, 



,.J 



-2^(l-«<»«) 



(«). 



In a number of hydraulic machines, a jet acts on a seriea 
of vanes which succeed one another in the same position at 
Tery short intervals of time. Such vanes are attached to a wheel 
R.nd therefore have a circular path. But the path of each 
during tlie action of the jet is very short, and if the radius 
of the wheel is large, the curvature of the path may be 
neglected. Then the quantity of water per second wliich acts 
on the series of vanes is o>v, and the equations become 



G 



„,,(« -„)(!_ COB fl) lbs. 



(6). 



Pi»= wrB(p-u)(l- 

_2il(o-i 



cos 9) ft.-lbs. per second (7), 



The efficiency is greatest if m = v/2, and then 

>(«-«= J(l- COB fl> . . . (8). 

176. Special Cases. — Case L A jet impingeB nonnaUy 
OD a plane moving in the same direction. — Let v (Fig. 141) 
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the velocity of the jet, and w that of the plane. The 
relative velocity is v — u. If oj is 
the aection of the jet, the quantity 
of water which reaches the plane is 
a(v — u) cubic feet per Becond. In 
the direction of the jet the initial 
velocity of the water is v, and ite 
final velocity after impact is u. The 
pressure on the plane, which is equal 
to the change of momentum per 
second, ia 

P = |. (,.-«){.-«) 

and the work done in driving the plane is 

Pu = — u>{v - u)'ht ft.-lba. per second. 

This is a maximum for u = v/3, and then 
__4_G 

These results can be obtained by putting 0=90" in eqs. (2) 
and (3), If the plane is at rest, m = 0, and then 



It appears that if the area of the plane is less than 16 
times the area of the jet, the effective deviation is less than 
90°, and the pressure ia less. 

Case II. A series of plane vanes are interposed in 
front of the jet in saccesaion. — The other conditions are 
supposed the same as in the last case. This arrangement is 
roughly identical with that of an undershot wheel with plane 
floats which enter in succession in front of a stream issuing 
with the velocity due to the head driving the wheel The 
quantity of water acting per second on the vanes is tov cubic 
feet, The pressure on the series of vanea ia 
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le work done in driving the vanea is 

P™ = - u,vu(v - u) ft.-Ibs. per Beeond. 
if M = i'/2, and tben 

r. 1 G , 



ieae results can Le obtained by putting ^ = 90° in eqs. (6) 
Id (7). 

Case III. A jet of water impinges on a series of hemi- 
iherical cups moving in 
le same direction (Fig. zu-v 
«t2). — Here t!ie water is 
rviated through 1S0°- The 
litial reliitive velocity ie 
-w, and the final — (r — w) 
1 « — V, both parallel to the 
JctiOD of the jet. The 
intity of water impinging 
ov cubic feet. 



P = =-M{{v 



- u) lbs. 




be work done is 

9 
his is greatest when u = v/2, so that 2k — i? = 0, and then 

Pu„uu = -- cui^ ft. -lbs, per second, 

equal to the whole kinetic energy of the jet. This roughly 
corresponds to the case of the Pelton whee!, which on high 
falls reaches an efficiency of 0'8 or more, the loss being due 
to friction and imperfect deviation of the water as the buckets 
in front of and away from the jet. 
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177. Presgnre of a steady stream of limited section on 
a plane normal to the direction of motion. — Let CD (Fig. 
143) be a thin plate normal to the axis of a pipe throng 
which water is flowing, which for simplicity is taken horizontal 
The elementary streams, parallel at A^ are deviated in front 
of tiie plate, form a contraction at Aj, and then converge, 
leaving a mass of eddies at the back of the plate, and at 
some section A, become parallel again. It may be inferred 
from the convexity of the stream lines in front and the 
concavity behind the plate that there is an excess pressure 




Fig. 143. 



in front and a negative pressure behind the plate, the sum 
of which forms the reaction R causing changes of momentum 
in the water, and which is equal and opposite to the total 
pressure of the water on the plate. Since the same amount 
of water at the same velocity passes the sections A^, Ag in a 
given time, the kinetic energy flowing in and out is the same, 
and the external forces acting on the mass between A^ and A^ 
must be balanced. Let fl be the section of the stream at 
Ao or Aj, and od the area of the plate CD. The area of the 
contracted section of the stream at Ai is c^Cfl — o), where c^ is 
a coeflScient of contraction. For simplicity let D./a> = p and 
n/{cXft — a))}=r. Then r = />/{c,(/>- 1)}. Let v be the 
velocity at A^ and A^, and v^ the velocity at A^. 






v = n\ 



IMPACT AND REACTION OF FLUIDS 299 

Let p^ pi. Pi be the pressures at A^ A„ A, respectively. 
Applying Bernoulli's theorem to A« and A], 

and similarly for Ai and A,, allowing for the loss in shock 
due to the relative velocity t>i — t; (§ 36), 

ft, V_y», ^ , ("i-o)* 

Q 2g G 2g 2g ' 

Pi_Pt v(vi-v) 
G"G g ' 

n ("l - ")* 

or replacing Vi by its value above, 



i>« 



i'o-ft = 6(*-l)*2^ 

The external horizontal forces acting on the mass between 
Ad and A, are the difference of the pressures on the sections 
Ad and A, and the reaction of the plate CD, and these are in 
equilibrium, there being no resultant change of momentum. 
Hence 

and the total resultant pressure on CD is 

R = G12(r-l)«^ = Gpa,(r-l)«| 

= KGco ^, 
where K is a coefficient depending only on p and c^ Thus if 

p= K = 

2 3-6 

3 1-8 

4 1-3 
10 -9 
60 2-0 

As p increases, K diminishes to a minimum and then increasea 
This is not intelligible, and therefore c« cannot have a constant 

s 



300 



HYDRAULICS 



value, or, what probably is the same thing, the influence of tbel 
plate in deviating the stieam linea extends only to a limited J 
distance. 

From the equation above. 



Pi 



■P.-/',-")" 



Xow in the eddying maBS behind the pints the pressure 
must be practically identical with p-^, and hence the defect of 
pressure forming part of the reaction K ia 

Consequently the front pressure must be 

= G.(p(r-l)^-2(r-l)}| = K/>.^. 

The foUovnng values have been calculated, using values 
of c„ selected by Zeuoer on the basis of some experiments of 
Weiabacb. 



■824 


■S52 


■873 


219 


1-56 


1-36 


3-lS 


1-26 


■81 


2'38 


M2 


-72 



178. Distribution of pressure on a plane struck 
normally by a jet. — Mr. J. S. Beresford made some experi. 
ments on the distribution of pressure on a plane struck by a 
jet. A small hole in the plane communicated by a flexible 
tube with a pressure column. This aperture was moved across 
the area struck by the jet. In the following abstract, columns 
A give the ratio (distauce from axis of jet)/ (diameter of jet) 
and the columns B the ratio (pressure head) / (velocity head 
of jet). 



r 
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J«0'47BInchDUrartBr. 


Jet 0-988 Incb Dismeler. 


J«I'95InohwDi«iiet«r. 


Velocity He«l 43 Inchos. 


Velodty Head 42 lucb-*. 


Vrlcwlty Head 27 Inchbi, 


A 


B 


A 


B 


A 


B 1 





■S85 







993 







9&3 


■21 


■817 


■10 




}68 


■17 




967 


■42 


■839 


■20 




058 


■37 




308 


•83 


■672 


■30 




391 


■48 




669 


•84 


■334 


■61 




S46 


■81 




483 


1-05 


■083 


■71 




118 


■71 




261 


i^2e 


■018 


■86 


■038 


■97 


■074 1 



i 



179. Pressure of an Tmlimiteil stream of water on a 
solid at rest. — The theorem iu § 177, although it elucidiites 
the genera! action of a stream on a solid immersed in it, does 
not furnish a numerical eolution for the case of a very large 
stream acting on a small solid. But the general expressions 

P = (Ky + KjjGo. ^ = KG<« 1^ 

where a is the projected area of the solid normal to the direc- 
tion of motion, and Kj, Kj, K are experimental coefficients, 
have been generally adopted, and appear to agree with the 
results of experiments so far as they have been carried for 
unshipshape bodies, the resistance of which is due to the 
creation of eddies at sharp changes of section in the stream. 
For quite shipshape bodies, in which the surfaces over which 
the water slides are of gradual and continuous curvature, and 
which are wholly immersed, the resistance is due to skin 
friction, and depends on the total surface of the body, not its 
projected area. 

From some experiments by Dubuat and Duchemin on 
prisms of cross section ax a and length /, immersed in a 
stream of water, the following results were deduced : — 



I 



119 

■16 
136 



1>I8 
■27 
146 



It is difficult to believe that £^ can be greater than unity. 
The shortest prism corresponds with a thin plate. In the 
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cAue of the loogest prism it would seem that the increase of 
roaistance is due to akin friction. For a plane one foot 
squure moved in atiU water Dubuat found Kj= 1, K,,= 0-433, 
K= 1-433. Morio, Piobert, and Didion found K = 1'36 for 
planes moved normally through air, and Thibault obtained k 
mean value K= 1'83. 

180. Stanton's ezperimeots.' — A very careful research 
has been carried out by Dr. Stanton at the National Physical 
Laboratory. The soUdB were placed in a cylindrical trunk 
2 feet in diameter and 4 feet 6 inches long, through which 
a steady current of air was drawn by a fan. It was found 
that if the area of a plane placed in this trunk was more 
than l-144th of tlie cross section of the trunk, there was a 
perceptible increase of resistance due to the action of the sides 
of the trunk which caused an increase of the negative back 
pnnani Heooe ibe ezperimcntB wbtb limited to rety small 
planes. The "»"»»"'» inteoBitj of frcmfe pnaBoxe at the 
centre of a circular or sqoare plane, normal to the cnnent, 
was always very approximately 

G ^ lbs. per square foot, 

and the intensity of pressure diminished towards the edges. 
At the back of the plate there was a negative pressure nearly 




Ibt per vf-in. 



uniformly distributed. Fig. 144 ahowa the distribotion of 
preesuie on a equaie plate and some lines of e^nat ] 
> JVm. ImtL (7MIJh««H*r^ oItL, IMM. 




The aver^ie value of Kj was 048 for a circular and 067 for 
a square plate. So far as the tests went, the total resistance 
of similur platea when normal to the stream was directly 
proportional to the area. The total resistance of square or 
circular plates, normal to the stream, the velocity of which 
was t! feet per second or V miles per hour, was 

P = 000126t;3 = 0027V» lbs. per square foot, 

ih is nearly in agreement with the result obtained by 
Dinee, namely, 

P = 00029V*. 

If the weight of a cubic foot of air at 60° and 1 atm. is 
taken at 0'0764 lb., Stanton's result can be put iu the form 

P= rOSlG— lbs. per Bquare foot, 

and using the result us to negative pressure stated above, this 
gives 



I 





CoeEoient o( 


Front Prwnort, 


Buk Prenare, 


IVjI^Prwure, 
K. 


Circular Plate . 
Square Plate . 


0-6B1 
0-391 


0-48 
087 


1-061 

l'06l 



Stanton's results give somewhat lower pressures than those 
obtained by earlier observers. He has since carried out 
experiments on larger planes and solids acted on by wind 
pressure, and has found that almost uniformly the pressures in 
these conditions are 18 per cent greater than in the previous 
experiments on small planes and solids tested in the air trunk. 
It would appear, therefore, that for planes in an indefinitely 
large stream 

P= r252G^ Iba. per square foot. 

For rectangular plates, the total resistance was found to 
I with the ratio of length to width of plate. The 
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following are some examples deduced &om Dr. Stanton's | 
results : — I 



Dimensions. 
Inchfls. 


Ratio of Length 
to Width. 


Total Plreasare in Lbs. 


3 xl 
3-76 X -76 
6*0 X -6 
7-5 X 16 


3 
6 

10 
50 


P=.-00134t»» 
•00136t7« 
•00151t>« 
•00201t>2 



181. Pressure on solids of various forms. — When a 
solid body is presented to a stream the front pressure is 
modified if the face of the body is not plane, and the back 
pressure if the form of the body interferes with or facilitates 
the convergence in the waka If A; is the ratio of the total 
pressure on the solid to the pressure on a thin plate normal 
to the stream and of area equal to the projected area of the 
solid normal to the stream, then 



Sphere 
Cube 



»> 



Cylinder (height = diameter) 
Cone (height = diameter of base) 



k = Direction of stream. 

0-31 

0*80 Normal to face. 

066 Parallel to diagonal of face. 

0*47 Normal to axis. 

0-38 Parallel to base. 



182. Pressure on planes oblique to the direction of 

the stream. — Let Fig. 145 re- 

^^ A^ present a plane moving in a 

^^ "^ fluid at rest in the direction E, 

making an angle with the 
normal to the plane, or con- 
versely a plane at rest in a 
stream moving in the direction 
R. The resultant pressure on 
the plane will be a normal pres- 
^ pf sure N, with a component R in 
the direction of motion and a 
lateral component L resisted by 







L 

Fig. 145. 



the supports of the plane. Obviously 

R = N cos e, 
L = N sin Q. 



xrr 



msACT A3D TnTA< 7rm y -jf eluids- jos 



• '4II I.. 



Tj^ piniiEi in 



L-oo^:^ 



the direetmiL of Tmignii is ^diotr 'if DiKafflmn. 



a=p 



where Pb 1:h& 
conditions rmnimf tn jAsb 
qnentlj' t&s- Tuimwf iiiHimin hl 



tiwc on. ■% niJBae ixL smilmr 
'if d» sami. CoiuK^ 



3F=P 






•^^•SK^ 



The IbOowizur mbSa .^nnianm sme msaltft <WmritnHd bit 
this rale. Ct: stsuuzm. •segadmemsfi 'in. ^ snail glaoe :i iasban. 
bj 1 inrfi, wbiL a wiiaexcT' *j£ sscbsbl if II iBiffi pa: aQeomt 
He fonad ttfift oanac&ahie ossalb 2iac ^he nnrmaf giHumi ' ^i noa^ 
difiecou ai Tunfirig as tiiie ^hnr; ir t±e Lan$ •ajs- >ii ohi} ooi^tsut^j^ 
was nannal Ga tdie (SxrreaitL ForaHr, ul rmn oiae af :;&tf Iinw 
axis normal Go dbe ^nirrRnc. i^ite inTTmiil pisflBiiR tiir ;iii imdliiaK 
ti<Hi of aboos 45' was iifmasdexulT greafier tihatt w&ai t tf h» 
plane was nfymar tki G&e fcrpam 




15 
30 
45 

60 
7* 
80 
85 
90 



Tatjom rf 5. F- 



By 



SbKTOtm. 



I^nnf 



SabuL Sbm JLUtt yxmd^ 



!-<» 

-»4 

-80 
'49 
-34 
•17 




l^K) 
l-0»> 
liH 
1-11 

•*8 
-30 
-16 
•OS 




34 





In 1872 some experiments were made for the A<»vaiautiKiiU 
Society on the pressure of air on oblique pknea Tbos«k |\lal^^ 
of 1 to 2 feet square, were balanced by ingenious mtX'hMiuau 
designed by Mr. Wenham and Me: Spencer Browning, in sui^h 

to 



306 



HYDRAULICS 



r that both the pressure in the direction of the air 
current and the lateral force were separately measured. These 
planes were placed opposite a hiast from a fan isauing from a 
wooden pipe 18 inches square. The pressure of the blast 
varied from ^ to 1 inch of water pressure. The following 
are the results given in pounds per square foot of the plane, 
and a comparison of the ejqterimeutal results with the pressures 
given by Duchemin's rule. These last values are obtained by 
taking P=3'31,the observed pressure on a normal surface; 





1 


$= 




76* 


IV. 


30°. 1 0*. 


Hai'izoDtal pressure R 
Lateral pressure L . 
Normal preasnre ^/L' + R' 
Normal pressure by Duchemin's ni 


. 0-4 

. 1-e 

. 1-65 

e . 1 1-605 


oei 

1-96 

2'05 
2027 


2-73 
1-86 
3-01 
3-276 


3-31 



3-31 

3-31 



I 



Lord Rayleigh obtained theoretically the expression 

''■-^'^'^- 

but this gives the normal component of the front pressure only. 

Dr. Stanton found the variation of total normal pressure with 

inclination to be very different in the case of rectangular plates 
according as the longer or shorter side 
was perpendicular to the stream. 

183. Distribution of pressure on 
an inclined plane. — In the case of a 
plane inclined to a stream there is an 
excess of pressure at the forward part 
and less pressure sternwards. Fig. 146, 
from Dr. Stanton's results, shows gener-' 
ally the distribution of positive pressure 
on the windward and negative pressurei 
on the leeward side of a plane at 45° 
to the direction of an air current. 
Clearly the resultant pressure does not 
act through the centre of the plan& 
Conversely, if a plane is pivoted about 

an axis eccentric to its centre line and placed in a strean^ 




Fig. 146. 
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it will asBimie a poation iT*i"KtM»H 
the lesnltant normal puMBiui 
about which it can tum. It 



that the ratio ^ (¥1g. 147) n 
the angle they make with the 



to the s^neam such that 

pMBBs Ihrodg^ the axis 

thereibie, planes pivoted so 

are ^aced in water, and 

of the stream is 






L J, 



Fig. 147. 

observed, Ae position of the resoltant of the pressures on the 
plane is determined for different angular positions. Experi- 
ments of this kind have been made bj Hagen. Some of his 
results are given in the following table : — 



a 


1 

4 

a 




Valnoi of ^. 






Smaller PUuM. 


Cftlciiljttioii, 


1-0 


•500 


• • • 


90* 


90* 


0-9 
0-8 


•474 
-445 


75* 
60 


57 


66i 
55 


07 


-412 


48 


43 


45 


0-6 


-375 


25 


29 


35^ 


0^6 


'333 


13 


13 


86i 


0-4 
0-3 
0-2 


•286 
'231 
•167 


8 

^ 

4 


6i 

• • • 

• • • 


16| 
6 

• • • 



Joessel has given the formula 



— - = 0-2 + 0-3 sin A. 

•¥ ^ 



The last column in the table above gives angles calculated 
this rule. 
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IS4. Wind PrOBsnre. — One of the most important cases to 
the engineer, in which the pressure of a fluid stream on bodies 
immersed in it has to be considered, is that of the pressure of 
«-ind on Btructuree. Unfortunately the action of the wind is 
so complex and variable that there is not general agreement 
OB to the allowance to be made for it. 

Storm winds are generally rotating eddies generated 
between two oppositely flowing air currents not of themseh-es 
of violent character. Once put in motion, the energy of such 



ST LOUIS STORM . 




an eddy accumulates and the distribution of the energy is a. 
purely mechanical problem. Conditions of dynamical stability 
involve this, that the pressure diminishes and the velocity 
increfkses from the circumference to the centre of the eddy 
(§ 33). Fig. 148 is a diagram of the St. Louis storm of 1896, 
which shows that the isolwrs formed closed curves round the 
storm centre, the barometric pressure decreasing from 30 inches 
at the outside to 29*4 inches at the centre. On the other 
hand, the velocity and violence of the wind inoreaae towards- 
the centre. A storm of this kind is not fixed is position. 



IMPACT AND EEACTION OF FLUIDS 



309 



Its centre travels along a, track generally in the northern 
liemiBphere eastwards or north -eaat wards. At any given place, 
as the storm passes, the wind veers round contrary to the hands 
of a watch. The storm centre may travel 20 or 30 miles per 
hour, but the wind velocity near the centre of the storm may 
be 80 or 100 miles per hour. The area of a storm is 
extremely variable. It may be 600 or 1200 miles in 
diameter. In other cases the width of the track over 
which tlie wind is violent enough to cause destruction may 
be only 60 to 1000 feet. Some whirlwinda cut down the 
tteee in a forest along a track as narrow as a road, leaving 
trees on either side undamaged. 

Wind pressures are measured on anemometers of two types, 
pressure and velocity anemometers. In the former the pressure 
is measured on a thin vertical plate exposed noi'mally to the 
wind. It is rare for pressures on such a plate to exceed 
30 lbs. per square foot. But at Eidston Observatory near 
Liverpool pressures of 50 to 80 lbs. per square foot have been 
registered. There the anemometer is 56 feet above the 
ground and 251 feet above sea-leveL The exposure of the 
anemometer is complete and severe, but the Board of Trade 
Committee on the Tay Bridge disaster found no reason to 
doubt the records. Baier came to the conclusion, after 
eotamining some cases of destruction, that the wind pressure 
in the tornado at St. Louis in 1896 must have ranged from 
46 to 90 Iba per square foot. 

A large number of records have been obtained with 
K'.ireIocity anemometers of the Kobiaon type, in which hemi- 
ipherical cups are rotated by the wind, the velocity of 
I cups being about one-third that of the wind. These 
Hjrds give the average velocity over a more or less consider- 
i)\e period of time. The Board of Trade Committee found 
tat if v„ is the mean velocity during an hour, then the 
iklghest pressure during the hour would be approximately 
P = O'Olt'm Ibe. per square foot 

Now observations at Aberdeen show a wind travel of 

'tis miles an hour, corresponding to a maximum pressure of 

*48 lbs. per square foot; at Falmouth a travel of 71 miles per 

hoar, corresponding to 50 Iba per square foot; at Holyhead a 
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travel of 80 miles an hour, correaponding to 64 Iba. per 
square foot. The velocity anemometer is free of inertia errore, 
and its indications are not consistent with the BUppoaltion 
that gUBts during which the pressure is excessive are necessarily 
of short duration. 

185. Increase of pressure with elevation. — Numerous 
experiments show that the wind velocity and pressure is greater 
the greater the height 
from the ground. In 
some experiments by 
Mr. Thomas Stevenson 
in 1878, six velocity 
anemometers were fixed 
on a vertical pole 50 
feet in height, and ob- 
servations were taken 
at various dates when 
strong winds were blow- 
ing. For a height of 
15 feet from the ground 
the velocities were low 
and irregular even when 
strong winds were blow- 
ing. For heights above 
20 feet the velocities 
increased in a fairly 
regular way with in- 
crease of elevation. 
Plotted horizontally the wind velocities gave the irregular 
curves in Fig. 149. For heights above 20 feet the velocity 
i agreed fairly with parabolas having their vertices 72 
feet below ground-level If V and v are velocities, and P and 
p presaures at heights of H and k feet, 



/ H + 7 2 

V A + 72' 



Suppose that at 25 feet above ground the mean hourly 
velocity is 30 milea pei Vomx, can^si^a^Yci^ \a & 
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preBsure during the hour of 9 lbs, per square foot. Then at 
higher elevations the velocities and presaures by StevenBon'a 
3 would be aa follows : — 



EleTitioa. 


Mbbh Velocity. 


M«inraniP™«mi». 


MUea per hoar. 


Ll«. p«r .q. (t. 


26 


300 


90 


60 


33 6 


11-3 


100 


39'9 


16-0 


200 


60-4 


S6'3 


300 


68-8 


34-6 



These results apply only to the case of a flat and nearly 
inobstructed ground surface. 

186. Evidence of high wind presaore in storma. — It 
By be shown that a pressure ol' 25 to 35 lbs. per Sfjuare foot 
SiBtributed over the area of a railway carriage is necessary to 
overturn it, and this must be chiefly front pressure, as in the 
case of such a body it cannot be supposed that the negative 
pressure due to a wake is aa completely established as in the 
case of a thin plate. Now Mr. Seyrig has described the over- 
tuming of five carriages of a passenger train at Salces, in 
France, in 1860. On the same day five waggons of a freight 
train were overturned at Rivesaltes, and three others thrown 
off the traclf. On the same railway, in 1867, a passenger 
train was almost completely overturned. In 1867 a brake- 
van and post-office tender were blown over between Chester 
and Holyhead. In 1864 carriages in two trains on the 
Eastern Bengal Railway were overturned by wind. In 1870 
two spans of a bridge at Decatur, U.S.A., were blown over ; 
and in 1880, one 150-foot span of a bridge at Meredocia. 
On September 10, 1897, in Pai-is, a cyclone uprooted every 
tree from the Quai St. Michel to the Pont Neuf, some barges 
were sunk, an omnibus overturned, and at the Palais de Justice 
jL^ot a pane was left in the viiudowg. 

^H On the other hand, those who have carefully examined 

^Hltses of damage by wind liave found that structures such as 

^^rindows, chimneys, roofs, etc., of weak construction, and 

incapable of standing any considerable lateral pressure, tw"" 
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stood for long periods unharmed. Whether any adequate 
explanation of the paradox thus presented can be given is 
doubtful, but certain considerations may be noted : (a) At any 
one place the occurrence of high ¥riind pressure must be veiy 
exceptional ; (b) A structure must be still more rarely struck 
normally ; (e) Its form may prevent the creation of a negative 
pressure ; (d) Neighbouring obstructions may have the efiect 
of shielding a structure. In this connection the great decreaae 
of wind velocity near the ground is instructive. 

187. The Forth Bridge experiments. — ^During the con- 
struction of the Forth Bridge some important experiments 
were carried out by Sir B. Baker. A very large pressure- 
plate anemometer was erected on Inchgarvie, 20 feet long 
by 15 feet high, facing east and west. Beside it were erected 
two small pressure plates, one facing east and west, the other 
revolving to face the wind Between 1883 and 1890, on 
fourteen occasions of storm, pressures ranging from 25 to 65 
lbs. per square foot were registered by the revolving pressure 
plata In the same period the pressure on the small fixed 
pressure plate ranged from 16 to 41 lbs. per square foot Also, 
during the same period, pressures were registered by the large 
plate of 300 square feet area ranging from 7 to 35 lbs. per 
square foot. 

For experiments on bodies of complex form, Sir B. Baker 
adopted a very ingenious device. Experiments in wind storms 
would have been difficult and inconvenient. Instead of this 
a light wooden rod was suspended by a cord. At one end, 
the complex form the resistance of which was required was 
fixed; at the other, a small cardboard plane. Setting the 
apparatus swinging, it was obvious at once at which end of 
the rod the resistance was greatest. Then the area of the 
cardboard plane was altered until its resistance just balanced 
that of the body to be tested. In this way the areas of plane 
having resistance equivalent to that of various bodies of 
complex form was determined. 

For bodies of comparatively simple form, such as cubes 
and cylinders, the relative resistances were found to be the 
same as those directly determined by earlier observers. The 
most interesting point to determine next was the influence of 
one surface in sheltering another. With discs placed at from 
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one to four diameters apart, there was complete shelter when 
the distance was ooe diameter, the resistance being the same 
as for a simple disc The reaistaoee was increased by 25 per 
cent when the discs were 1^ diameteiB apart; by 40 per cent 
at 2 diameters; by 60 per cent for 3 diameters; and by 
80 per cent for 4 diameters. Intermediate discs did not 
much increase the resistauce. Four discs in aeries behind 
each other, with a total distance between first and fourth of 
3^ diameters, had no more resistance than two discs at 
4 diameters. 

Perforated discs were then tried to imitate the effect of 
shelter of one lattice girder on another. With openings in 
the discs equal to ooe-fourth the whole area, the discs being 
1 diameter apart, the resistance of the sheltered disc was only 
8 per cent of that of the front disc But with openings half 
the whole area, the resistance of the sheltered disc was 30 per 
cent of that of the front disc. At 2 diameters apart, the 
resistances of the sheltered disc were 40 per cent to 66 per 
cent of that of the front disc, and at 4 diameters apart, with 
oponitigs half the total area, the resistance of the sheltered 
disc was 04 per cent of that of the front disc. 

The top members of the Forth Bridge consist each of a 
pair of box-lattice girders, that is, they are nearly equivalent 
ta four single lattice girders in series. Models of single-web 
girders made to imitate these were tested in pairs. With 
distances apart equal to once, twice, and three times the 
depth of the girders, the resistauce of the sheltered girder was 
20 per cent, 50 per cent, and 70 per cent of the resistance of 
the front girder. With additional girders placed between 
the others the increase of resistance was small With a 
complete model of a bay of one top member of the bridge, 
that is, with the equivalent of two single -lattice girdera, the 
total resistauce was 1'75 times the resistance of a plate equal 
in area to the projection of one lattice girder, that ia, to the 
projection of the solid surfaces excluding the openings. 

The bottom member of the Forth Bridge cousists of two 
tubes of circular section braced together by lattice girders. A 
complete model of one bay was tested. It liad a resistance 
10 per cent greater than the resistance of a plane surface of 
the projected area of one tub& 
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EXAllFLES 



1. A jet 3 inehesin diameter under a head of 400 feet strilces normallf 

a plane at real. Find the preesure on the plane. S4S3 Ibi. 

2. 4 jet of water delivers 160 cubic feet per minut* at a velocity 

20 feet per eecoud, and strikes a plane normallj. Find the 
pressure on the plane : (1) when the plane is at test ; (2) 
it IB moving at 7 feet per second in the direction of the jet. 
In the latter case find the rate at which work is done IB 
driving the plane, 

103-4 lbs. ; 43-7 Iba. ; 306-8 fL-lbs. per second. 

3. Water impinges on a Poncelet Qoat at 10° with the tangent to th< 

circumference of the wheeL The velocity of the water is doabla 
that of the float. Find hj construction the angle of the Qo«t 
to receive the water without shock. A slope of 10° is nearly 
1 in 6. 

4. A cylindrical chimney shaft 100 feet high and 76 feet in diameter 

is exposed to a wind pressure of 30 lbs. per square foot. Find 
the overturning moment. 106,750 tbt, 

5. A fixed curved vane has a receiving edge making an angli 

and a delivering edge an angle of 20° with a line AB. A jet 
delivers 10 cubic feet per second at a velocity ot 30 feel 
eecond, without shock, so that it is deviated along the vbha. 
Find the resultant pressure on the vane, the angle it maki 
with AB, and the components of the pressure along and I 
right aneles to AB. 670 Iba. ; 12^° ; 946 ibs. ; 210 lb& 

6. Suppo!ie the vane in the previous question is moving in the dimv 

tion AB at 10 feet per second, and the jet at 46' with AB . 
30 feet per second. Find the angle the receiving edge of tl 
vane must make with AB that there may b« no shock. Also 
the relative velocity. 63° ; 34 ft. per 
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1 TABLE 


I. — FUSCTIONS OF NOMBE 


«B.HC 


M 0-1 


TO 1 0-0 




■ 


r- 


^/;L 


t/i;. 


sfiH. 


N.luml 


"• 


^. 


ir.. 


s/s. «; 


>tai«l 


1 


■1 


•8162 


4643 


■0316 




61 


2-268 


1-721 


11'52 1 


6299 


■2 


■4473 


6848 


■0894 




6 2 


2-280 


1-732 




9487 




■3 


■6477 


6694 


■194 




6-3 


2-302 


1-744 


13-20 


6877 




■4 


-e32& 


7388 


■263 




5^4 


2-324 


1-764 


12-55 


-6864 




■6 


■7071 


7937 


■354 




6^B 


2-345 


1-765 


12-90 1 


■7047 




■8 


■7748 


8434 


■486 




6 -a 


2-366 


1^776 


13 ^26 


7228 




■7 


■8387 


8879 


■588 




57 


2-387 


1^786 


13-81 


7405 




■8 


■8B44 


9283 


■716 




5^8 


2-408 


1797 


13-97 


7579 




■S 


■9487 


96B6 


■864 




5-9 


2^429 


1-807 


14 '83 


7760 




I'O 


1-0000 1 


0000 


1-000 


O'OOOO 


6^0 


2^449 


1-817 


1470 1 


7918 




1-1 


1-0488 1 


0323 


1-163 


■0953 


8^1 


2'470 


1-827 


16-07 


8C83 




1-2 


1-0954 1 


0627 


1-315 


-1823 


6-a 


2-490 


1-837 


16-44 


8246 




1-3 


1-1402 1 


0914 


1-483 


■2824 


6-8 


2^610 


1-847 


15-81 


8406 




1-4 


1-1832 1 


1187 


1655 


■3385 


6-4 


2'630 


1-857 


16-19 


8598 




1-6 


1-2247 1 


1447 


r837 


0-4055 


6-5 


2^550 


1'899 


18-67 1 


8718 




1-9 


1-2649 1 


1696 


2-024 


■4700 


6-6 


2-1.69 


1-876 


18-96 


8871 




17 


1-3038 1 


1936 


2-216 


■6306 


67 


a-688 


1-886 


17-34 


9021 




I'B 


1-3418 1 


3164 


2-414 


■5878 


e-s 


3-908 


1-896 


17-73 


0199 




1-B 


I '3784 1 


2386 


2-62 


■6419 


6-9 


2-927 


1-904 


18-13 


9316 




2-0 


1-4142 1 


2S99 


2-83 


0-6931 


7-0 


2 ■846 


1-913 


18-62 1 


9459 




2'1 


1-4491 ] 


2806 


3-04 


7419 


7-1 


2 ■666 


1-922 


18-92 


9001 




2 2 


1-4832 1 


3006 


3-26 


■7885 


7^2 


2^983 


1-931 


19-32 


9741 




2-3 


i-siea 1 


3200 


3-49 


-8329 


7-3 


2^702 


1-940 


19-73 


9879 




2-4 


1-6492 1 


3389 


373 


■8766 


7-4 


2720 


1-949 


20-13 2 


0016 




2-5 


r58n 1 


3572 


3-95 


0-9163 


7-6 


2739 


1-957 


20-64 2 


-0149 




2 -a 


1-6125 1 


3751 


4-19 


-9555 


7-6 


2767 


1-990 


20-96 


■0281 




2-7 


lfl-4a2 I 


3B25 


4-44 


■9933 


77 


2776 


1-975 


31-36 


0412 




2-8 


1-8733 1 


40B5 


4-89 


ro2a6 


7-8 




1-983 


2179 


fl641 




2-9 


17029 1 


4280 


4-94 


■0647 


7-9 


2 'fill 


1-992 


22-20 


0969 




30 


17321 1 


4422 


5-20 


1-0986 


8-0 


3^S38 


2-000 


22-63 2 


0794 




3-1 


17007 1 


4581 


5-46 


■1314 


8-1 


2^846 


2-008 


23-05 


0919 




3-2 


1-7889 1 


4736 


678 


■1632 


8^2 


2 '864 


2-017 


23-48 


1041 




3-3 


1-8188 1 


4888 


6-00 


■1939 


8-3 


2-881 


3-025 


23-91 


1183 




3-4 


1-8439 1 


6037 


6-27 


■2238 


8-4 


3^89B 


2-083 


24-34 


1283 




3-6 


1'871 1 


S18 


6-55 


1-2628 


B^6 


2^916 


2-041 


24 78 2 


1401 




3-6 


1-807 1 


533 


6-83 


■2809 


8-9 


2 ■933 


2 049 


26-22 


1618 




87 


1-924 1 


547 


7-12 


■3083 


87 


2^950 


2-067 


35-89 


1638 




8-8 


1-949 1 


BOO 


7-41 


■3360 


8-8 


2^06e 


2-065 


28-10 


1748 




3-9 


1-S75 1 


574 


7-70 


■3810 


8-9 


2-983 


2-072 


28-66 


1891 




4-0 


a-000 1 


587 


8-00 


1-3863 


B'O 


3-000 


2-080 


27-00 2 


1972 






2-026 1 


601 


8-30 


■4110 


9-1 


3-017 


2 088 


27-46 


■2083 




4-3 


2-04B 1 


613 


8-91 


■4351 


9-2 


3-033 


2-095 


27-91 


2192 




4-3 


2-074 1 


626 


8-93 


-4586 


9-3 


3 '050 


2-103 


28-86 


■2300 




4-4 


2-098 1 


639 


9-23 


■4816 


9^4 


3-066 


2-110 


28-83 


2107 




4-6 


2-121 1 


651 


0-65 


1-5041 


9-6 


3 '082 


2-118 


29-23 2 


2613 




4-6 


2-115 1 


663 


9 87 


■6261 


9^6 


3 093 


2-126 


29-74 


2618 




4-7 


2-168 1 


075 


10-19 


■5476 


97 


3-114 


2-133 


30-21 


2721 




4 '8 


2-191 I 


687 


I0^51 


■5686 


9-8 


3-130 


2'UD 


80-68 


■2824 




4-9 


2-2U 1 


698 


10-85 


■5892 


»-9 


8-146 


2-147 


31-15 


iB2B 




5-0 


2-236 1 


710 


11-18 


1'80B4 


10 


3 162 


2-164 


31-62 2 


3036 








J 


■ 


■ 


■ 


■ 


■ 


i 


M 
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TABLE II.— Vklocitt 


vD Head 






- 




V^^... 

^/^. 


n. 




VtloeilTdB 

V5i. 




Metm. 


PsM. 


HMit*. Pnt. 






VM. 


Matni. 


r^ 


■1 


■00061 


•000165 


1-401 2-637 


B-1 


1-328 


-4041 


10-00 


18-11 


•a 


■0020s 


■000823 


1^981 8-6B8 


fi-3 


■»78 


■4201 


■10 


■» 


■3 


■00460 


•001898 


3-42a 4-89* 


e^s 


■482 


-4S«6 


•30 


■i1 


■4 


-00816 


■002486 


3-801 6^07l 


6-4 


■48« 


■4681 


-39 


■u 


■c 


■01274 


•003885 


S-iaa 6-678 


6-G 


1-643 


•4700 


10-39 


18-tl 


11 


■01836 


■005693 


8-4S1 8 ■314 


6-8 


-6»S 


-4878 


■48 


■H 


■7 


■024S8 


■007613 


8708 8712 


67 


■860 


-Boa 


■67 


»■]! 


■8 


-08282 


■009943 


3-963 7-176 


6-8 


716 


•6227 


■67 


■a 


■8 


■04129 


■01269 


4-202 7 ■Oil 


6-9 


774 


■6408 


78 


■a 


1-0 


ODSIO 


■01654 


4 429 8-022 


6^0 


1-836 


-6693 


10-85 


19-U 


l-I 


■0617 


■01880 


4-846 8-414 


8^1 


•897 


-67B3 


■B4 


■81 


1-3 


-0734 


■02237 


4-862 8788 


fl-2 


-969 


•6B73 


11-08 


-97 


1-3 


■0861 


■02628 


6-060 B^147 


6^B 


2^02S 


■6167 


■12 


30-11 


1-4 


-0999 


■03046 


6-241 9-493 


0-4 


■088 


■8364 


■21 


'» 


1*5 


0-1147 


-03498 


6-426 9-828 


0-6 


2-154 


■«6«4 


11-39 2041 1 


!■« 


-1306 


■03978 


-80S -148 


8-6 


■220 


■6768 


■38 


■« 


17 


■1473 


-04490 


776 -460 


67 


■28B 


■8976 


■M 


78 


1'8 


■16S2 


■OS034 


-942 784 


6-8 


•367 


7186 


■65 


■91 


V» 


■1840 


■O6809 


8-lOG 11 -069 


6^0 


■427 


7397 


-w 


31 ■O? 


2-0 


2039 


■062] 6 


8-364 11 -346 


7-0 


3 498 


-7813 


11-72 


21 -St 


2-1 


■2248 


•0B862 


•418 -826 


7-1 


-670 


-7833 


■80 


■Jl 


2-2 


-2467 


-07620 


■670 -899 


7-3 


-043 


-8066 


■88 


-6t 


2-3 


■2897 


•08219 


717 12^187 


7 3 


718 


•8280 


■97 


■87 


2-4 


■2B38 


■08960 


-862 ■429 


7-4 


791 


-8608 


I2^06 


-83 


2-5 


0'3I88 


■09711 


7-003 12-886 


7^6 


2887 


-8740 


1313 


21-97 


2-8 


■3440 


■10&03 


■142 ■936 


7 '6 


■944 


■8974 


■21 


22-11 


27 


-3716 


■11326 


■278 13-182 


77 


3-022 


-9212 


■29 


■26 


2-8 


'3996 


■12182 


-411 -424 


7-8 


■101 


-9476 


■37 


-40 


2-9 


■4287 


■13067 


-543 -862 


7'9 


■181 


■9697 


-45 


■56 


3-0 


0-4588 


■1398 


7 ■672 13-90 


8-0 


3-282 


■9944 


12-53 


22-89 


3-1 


■4899 


■1493 


■798 14^13 


8'1 


■344 


1-0194 


■61 


■83 


S-2 


■5220 


■1691 


■923 ■36 


8-2 


-428 


1-0447 


■68 


-97 


3-3 


-SS51 


■1692 


8-046 -57 


8-3 


■612 


1-0704 


■76 




3-4 


■SS93 


■1796 


-167 -79 


8 '4 


-697 


1-0983 


■84 


■25 


3-5 


0'6244 


■1901 


8 '288 16 ■Ol 


8^5 


3-683 


1^1226 


12-91 


23-39 


3-8 


■0806 


■2014 


■404 ^21 


8-6 


■770 


11492 


-90 




37 


■6978 


■2127 


-620 -42 


87 


■858 


1^1781 


13-06 


■66 


3-8 


■7361 


■2244 


-634 -63 


8-8 


■947 


1-2032 


-14 


■80 


3-8 


■7753 


■2363 


■747 84 


8-9 


4 ■OSS 


1-2307 


■21 


-93 


4-0 


O'SlSa 


■2486 


8^868 16^05 


9-0 


4^129 


1-259 


13 29 


24-07 


4-1 


■8669 


■2612 


■983 ^24 


9^1 


■221 


1-287 


■38 


-20 


4-2 


■8992 


■2741 


B^077 ^44 


9-2 


-314 


1-316 


•43 


-S3 


4-3 


■9425 


■2373 


-184 -63 


9-3 


■409 


1'344 


■51 


■47 


4.4 


-9see 


■3008 


-291 '83 


9 4 


■604 


1-373 


-68 


■60 


4'6 


1-0322 


■3146 


9-396 17-02 


9-5 


4800 


1-402 


13-65 


24 73 


4-6 


■0786 


■3288 


■500 '20 


9-8 


■698 


1-432 


■72 


■88 


4 7 


■1260 


■3432 


■602 ■SB 


97 


■796 


1-462 


7B 


-9) 


4-S 


■1745 


■3580 


-704 -67 


9-8 


■896 


1-492 


■87 


35-11 


1-9 


■2239 


■3731 


■804 76 


0-9 


■996 


1-623 


■94 


■24 


6-0 


1 -2744 


■3884 


9-904 17-94 


10-0 


6^097 


1664 


14 01 


35-37 



APPENDIX 



319 



TABLE IIL— Slope Table 



PkUinFwt 
perMil«. 


Slope linn. 


Slope 
Foot per Fyx>t 


Slope 1 in m. 


Slope 
Foot per Foot. 


• 

Fall In FMt 
per Mile. 


0-5 


10560 


-000096 


6000 


•000088 


•88 


0-76 


7040 


-000142 


6000 


•0002 


1-06 


1-0 


6280 


-000189 


4600 


•000222 


1-17 


1-26 


4224 


-000237 


4000 


•00026 


1-82 


1-6 


8620 


-000284 


3600 


•000286 


1-61 


176 


8017 


-000831 


3000 


-000338 


1-76 


2-0 


2640 


-000379 


2600 


•0004 


211 


8-0 


1760 


-000668 


2000 


•0005 


2-64 


4-0 


1820 


-000768 


1500 


•000667 


8-62 


6-0 


1066 


-000947 


1250 


-0008 


4-23 


6-0 


880 


-001136 


1000 


•001 


6-28 


7-0 


764 


-001326 


760 


-00133 


7-08 


8-0 


660 


-001616 


600 


•002 


10-66 


0*0 


687 


-001704 


400 


•0026 


18-2 


10-0 


628 


-001894 


300 


00338 


17-6 


11-0 


444 


-002083 


250 


•004 


21-1 


12-0 


440 


•002273 


200 


•006 


26-4 


18-0 
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and surface velocitias. 257 


B from orifiwi, 130; flow in mains, 


Capillarr tubes, 146 
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Csnwntcr. 196 


KUr-nlTa, 101 
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Chaoneli, m Cauala 


Amtler LalTon, 272 


Cl>arlM'8 law, 120 




Chezy formula for plpaa, 150, 19B, 201. 


AppoM. 189 


■217 : for canals, 232 


Approach, velocity of, 88. 106 


Church, 38 


Aquadnet, pips, ISO -, VyrBwy, 1S2 ; East 




Jener, 193 ; Coolgudie, 193 




Aqueduct, Locb Katrine. 242. 25S ; Roiuna, 


for welri, 98; of friction, 133, 1D7, 
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CotterUI, 48 




Cntical Telocity. 147 


iS : appUeation to orific«. 81 ; modi- 






Correnl, radiating. 60 


BidoncSl 
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Dalton'alaw, 120 


Boaut,20S 


Darcy. 150, IIJO. 107, 201, 204. 233.278, 


Bofden. 70 


282 


Bi>yle'ala», 119 


Darcy gaiiga, 27B 


Bniak'preaanra rewrvoin. 179 


Deaoon. 190. 283. 2S4 


^ Jrow. 243 


Density of water, 4 


BgiM>T«nc7. 32 


Dindharge curre. 287 




Dfc.tril.ntion of velocity in pip*^ 219 ; In 


^Uibmtiini of oarreot mctan, 276 


air main* 230 ; in stream* 382 


^Buula, 230 ; Cheiy formula for. 232 ; 




■ Dan:y-. rewarch. 233 ; G«i([cUl«t am! 


Durley. 1S4 
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H ptioD. 230 : ot circular Mctlon. 243 ; 
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Fire-hoM pipw, 165 

Fire nozzle, 83 

Float ganging of streuni, 267 

Floating bodies, eqoilibrinm of, 38 

Flnid presraie, 13 ; on planes, 14 ; on 
cnired aurfMses, 15; Tarying as the 
depth, 22 ; on a wall, 24 ; on valve, 
25 ; graphic determination of^ 31 

Fluids, properties of, 

Forth Bridge experiments on wind pres- 
sore, 312 

Francis, 91, 107, 108 

Free surface, 11, 20 

Freeman, 83 

Friction, fluid, 182 ; of discs in water, 136 

Froude, 45, 188 

Fteley, 98, 100, 107 

Functions of numbers, table of, 817 

Gale, 160 

Oas, flow in mains, 222 

Gaseous laws, 119 

Gauging by weirs, 114 ; of streams, 264, 

286 ; by chemical means, 290 
Gordon, 279 

Gravity, acceleration due to, 6 
Gutermuth, 229 

Hagen, 202, 206 

Hamilton Smith, 72, 75, 98, 100, 205 

Hardness of water, 4 

Harlacher, 271 

Head, meaning of term, 44 ; measurement 

of, 68, 114 
Heaviness of water, 3 ; of gases, 118 
Herechel, 55, 68, 162, 192 
Hook gauge, 70, 114 
Hydraulic grailient, 152, 156, 187 
Hydraulic press, 18 

Impact of fluids, 291 ; jet deviated in one 
direction, 292 ; impact of jet on solid 
of revolution, 293 ; impact of jet on 
planes and cups, 295 ; impact of limited 
stream on plane, 298 ; of unlimited 
stream, 301 ; of air on solids, 302 ; dis- 
tribution of pressure on surface, 306 

Inversion of jets, 78 

Jet impinging on curved surface, 292 
Jet pump, 86 
Joukowsky, 198 

Kelvin, Lord, 11 
Kuichling, 174 

Kutter's formula for pipes, 200 ; for canals, 
234 

Labyrinth piston, 59 
Lampe, 205 
Lesbros, 98 
Levy, Maurice, 159 
liOck, of canal, 84 



Mains, water, 178 ; of Yar3ring diameter, 
180 ; branched, 185 ; compoaDd, 187 

Mair, 78, 92, 202, 219 

Marx, 164 

Mean velocity, 41 

Metaoentre, 84 

Module, 68, 75 

Mouthpiece, cylindrical, 85 ; oonveigait, 
88 ; divogent, 89 



Napier, 180 

Non-sinuous motion, 146 
Notches, 96 ; triangular, 105. 



See ^ tin 



Orifices, 61 ; use in measuring watsr, 67 ; 
conddal, 70 ; sharp-edged, 71 ; rect- 
angular, 74 ; submerged, 75 ; self- 
adjusting, 75 ; flow of fluids other tium 
water, 77 ; application of Bernoulli's 
theorem to^ 81 ; head varying witii 
time, 84 ; large rectangular vertical, 
95 ; flow of air throu^ 128, 130 

Pascal's law, 18 

Pelton wheel, 297 

Pipe aqueducts, 190 

Pipe scrapers, 189 

Pipes, non-sinuous and turbulent condition 
of flow, 146 ; permissible velocities, 
149 ; Chezy formula, 150 ; inlet re- 
sistance, 155 ; pressure in, 156 ; 
Darcy's investigation, 156 ; Maurice 
Levy's formula, 159 ; later investiga- 
tions, 160 ; riveted pipes, 162 ; timber 
stave pipes, 164 ; practical calculations, 
166 ; tables of flow in, 167 ; secondary 
losses of head, 168 ; later investigation 
of flow in, 199 ; Kutter's formula, 200 : 
general formula and constants, 216 : 
flow of compressible fluids in, 221 ; 
tables of discharge of, 321, 322 

Pitot tube, 279 

Poisseuille, 146 

Poncelet, 74 

Pressure column, 20 

Pressure variation along stream lines, 43 ; 
across stream lines, 48 ; at abrupt 
changes of section 57 

Prony, 199, 283 

Rafter, 105 

Rankine, 5 

Reaction of fluids, 291 

Reynolds, Osborne, 37, 146, 203 

Riedler, 229 

River gauging, 265, 286 

River weirs, 96 

Rivers, velocity curves, 256 ; ratios of 

mean and surface velocity, 257 
Riveted pipe, 162 
Rod floats, 268 
Rosenhain, 131 
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Scour Talves, 191 

Screw current meter, 270 

Sewers, 244 

Shock, 57 ; in pipes, 196 

Siphon gauge, 21 

Slope table, 319 

Sluices, 173, 191 

Specific heat of gases, 119 

Stanton, 302, 305 

Stave pipes, 164 

Steady and unsteady motion, 40, 150 

Steams, 98, 100, 107, 160, 205 

Stockalper. 280 

Stream lines, 37, 48, 146 

Strohmeyer, 290 

Suction pipe of pumps, 195 



Temperature, influence on flow from 
orifices, 91 ; on fHction, 143 ; on flow 
in pipes, 202, 219 ; correction for, 
213 

Thomson, James. 106, 261 

Town supply, 177 

Transverse sections, measurement of, 
265 

Turner, 275 



Units of measurement, 1 ; of intensity of 
pressure, 6 

Valves, 178 ; scour, 191 ; reflux, 191 ; 
momentum, 191 ; sluice, 191 ; resist- 
ance to flow at, 178 

Velocity and head, table of, 318 

Velocity curves, 251 

Venant, de St, 202 

Venturi meter, 52 

Viscosity, 10, 147 

Volume of flow, 40 

Vortex, free, 51 ; forced, 52 

Wagner, 284, 285 

Water hammer, 196 

Water inch, 68 

Water-level gauge, 264 

Watt's hydrometer, 21 

Weirs, 96 ; drowned, 101, 118 ; broad- 
crested, 102 ; with no end contractions, 
106 ; Francis's formula, 108 ; Bazin's 
researches, 109 ; separating, 1 15 

Weisbach, 81, 88, 171 

Wenham, 305 

WUUams, 172, 218, 281 

Wind pressure, 308 
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